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Kelly, Patrick James (M.A., Geography) 
Subsurface Evolution: Characterizing the physical and geochemical changes in  weathered 
bedrock of Lower Gordon Gulch, Boulder Creek Critical Zone  Observatory 
Thesis directed by Associate Professor Suzanne P. Anderson 
 
In rock below the surface, temperature swings are damped, water flow is limited, and biota are 
few. Yet rock weathers, presumably driven by these environmental parameters. I use rock 
strength as an indicator of rock weathering in Gordon Gulch in the Boulder Creek Critical Zone 
Observatory, a watershed at 2500 m underlain by Proterozoic gneiss intruded by the Boulder 
Creek granodiorite. Fresh rock is found at depths of 8-30 m in this area, and the thickness of the 
weathered rock zone imaged with shallow seismic refraction is greater on N-facing slopes than 
S-facing slopes (Befus et al., 2011, Vadose Zone J.). I use the Brazilian splitting test to 
determine tensile strength of cores collected with a portable drilling rig. Spatial variations in rock 
strength that we measure in the top 2 m of the weathered rock mantle can be connected to two 
specific environmental variables: slope aspect and the presence of a soil mantle. I find weaker 
rock on N-facing slopes and under soil. There is no clear correlation between rock strength and 
the degree of chemical alteration in these minimally weathered rocks. Denudation rates of 20-30 
microns/yr imply residence times of 105-106 years within the weathered rock layers of the 
critical zone. Given these timescales, rock weathering is more likely to have occurred under 
glacial climate conditions, when periglacial processes prevailed in this non-glaciated watershed. 
Incipient weathering of rock appears to be controlled by water and frost cracking in Gordon 
Gulch. Water is more effectively delivered to the subsurface on N-facing slopes, and is more 
likely held against rock surfaces under soil than on outcrops. These moisture conditions, and the 
lower surface temperatures that prevail on N-facing slopes also favor frost cracking as an 
important weathering process. 
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Subsurface Evolution: Characterizing Physical and Geochemical 
Weathering in Bedrock of Gordon Gulch, Boulder Creek Critical Zone 
Observatory 
 
Patrick Kelly, Department of Geography, University of Colorado  
Faculty Advisor: Suzanne Anderson, Department of Geography, University of Colorado 
 
Chapter 1. Introduction 
1. Introduction 
 Weathering processes produce regolith from bedrock at the surface of the earth.  This 
interface between atmospheric, hydrologic, biologic and geologic systems produces a thin porous 
layer capable of sustaining life termed the Critical Zone by the NRC (2001). The architecture of 
the Critical Zone (CZ) is a result of long timescale tectonic “priming” of the landscape (Molnar 
et al., 2007) and shorter-scale modern weathering processes.  In this study, I view the Critical 
Zone as a biogeochemical reactor on a hillslope, where fresh bedrock interacts with meteoric 
water and biota and alters both chemically and physically.  Thus, the framework is established by 
tectonics, and upon exhumation, water, erosional processes, and biota produce the CZ 
architecture that we observe today.      
 Chemical weathering processes reflect thermodynamic disequilibrium of rock with surface 
conditions.  Physical weathering processes and erosion are driven by stress gradients created by 
gravity, chemical alteration and phase changes (oxidation, hydration, ice formation, etc.), and 
biotic processes (such as burrowing and tree root growth) (Anderson et al., 2007).   The interplay 
between physical and chemical processes produces significant heterogeneity in the architecture 
of the Critical Zone at all spatial scales. 
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 In this context of this study, the term weathering refers to the total effect of chemical and 
physical changes taking place within a rock mass moving through the Critical Zone.  Alteration 
of minerals and fluid phase changes exert stresses due to volumetric expansion or collapse. 
Griffith (1924) showed that rocks are weaker than expected based solely upon atomic bonds.  
High concentrations of pre-existing planes of weakness reduce rock strength by roughly two 
orders or magnitude below that obtained by calculating strength based upon atomic bonds.  
Stresses concentrate at the tips of micro-cracks, which allows propagation of brittle fractures 
within the weathered material.  Thus further damaging the rock and increasing the likelihood of 
entrainment into the mobile layer.   Here I use the tensile strength of rock masses as a proxy for 
the accumulated density of fractures, or, more broadly, the damages that occur in the weathering 
reactor. 
 In this study, I will characterize the geochemistry, mineralogy, and mechanical strength 
of the shallow subsurface in lower Gordon Gulch, Colorado (Fig. 1.1).  Coupled geotechnical 
and quantitative geochemical tests will be used to elucidate: 
 
 1. Links between geochemical and mineralogical changes and mechanical strength   
 reduction in the shallow subsurface. 
 2. Systematic spatial and environmental differences between weathering products and 
 mechanical strength. 
 3.  Links between regolith cover and the mechanical strength of weathered rocks. 
 
 Exploring the links between weathering and strength, and the environmental and spatial 
controls on weathering processes, will help fill large gaps in our knowledge about hillslope 
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systems.  Broadly, we know that the Critical Zone is the weathered rind of the Earth’s crust; this 
rind has a layered structure, with increasing disaggregation and porosity towards the surface.  We 
know that this increase in disaggregation corresponds to increasing chemical and physical 
alteration from the protolith composition towards the surface.  An important boundary in this 
system is the interface between mobile regolith and immobile weathered rock.  What are the 
requisite changes that immobile weathered rock must undergo before it is sufficiently weakened 
and may be entrained and transported?   
 One way of thinking about the transition between immobile weathered rock and mobile 
regolith is to ask at what point is the rock weak enough to move?  Essentially, I view the system 
as a complex interplay between the driving forces of hillslope transport such as creeping soils, 
falling trees, and frost processes, and the resisting forces of internal bonds within the rock.  
Hence, I am interested in characterizing the mechanical strength of weathered rocks in shallow 
subsurface weathering profiles.  Measuring the mechanical strength of weathered rock is one 
way to assess the accumulated damage from physical processes, and chemical analyses provide 
insight into chemical processes.             
1.1 Damage and Regolith Production 
The transition between weathered bedrock and mobile regolith within the Earth’s Critical 
Zone is fundamental to understanding the mechanics and geomorphology of hillslopes.  There 
are a number of theoretical models for regolith production (Gilbert, 1877; Heimsath et al., 1999), 
but the actual mechanisms that turn rock into soil, and the critical failure stresses that allow 
entrainment and transport are not well understood.  In addition to serving as a substrate, bedrock 
contains nutrients essential for life, such as Ca, Na, Mg, and K.  Physical and chemical processes 
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work in tandem with biological processes to digest and damage bedrock and to release these 
essential nutrients. In the process additional regolith is produced.   
The relative contributions of physical and chemical weathering processes determine both 
how rock is broken down and how regolith enters and moves through a system.  Traditionally, 
hillslope systems are classified as either  “transport limited,” where mobile regolith is abundant 
and local drivers control erosion rates, or “weathering limited,” where erosion rates are 
controlled by mobile regolith production (Carson and Kirkby, 1972).  Within this framework are 
two dominant hypotheses regarding mobile regolith production: (a.)  a model in which rates of 
production exponentially decrease with depth (Heimsath et al., 1999) or (b.) a “humped” model 
where production rates reach a maximum at some depth below the surface (Gilbert, 1877).   
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Figure 1.1: Location of Gordon Gulch in the Boulder Creek Critical Zone Observatory 
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Here I examine the physical and chemical changes that take place within a shallow 
surface weathering profile prior to mobilization.  A parcel of rock must first arrive in the near 
surface by exhumation and undergo physical and chemical weathering processes. Chemical 
processes include dissolution of primary minerals, transformation of primary minerals to 
secondary products, and biogeochemical cycling of mineral constituents.  Physical damage 
includes processes such as frost cracking, tree root growth, and bioturbation.  The existing flaw 
density of the rock, the chemical and mineralogical makeup of the rock, and the structure of the 
rock all influence the efficacy of weathering processes.   
For the purposes of this study, tensile strength is used as a proxy for the total amount of 
damage accumulated in a parcel of rock.  Anderson et al. (2012) cast the rate that damage 
accumulates (Ď) as the rate that new crack surface area is generated per unit volume of rock [=] 
L
2
/L
3
T = 1/LT.  The integral of this rate is damage (D) and has units of 1/L.  As damage 
accumulates, the mean spacing between microcracks decreases and the rock progressively 
weakens, as internal bonds are broken.  At the saprolite-mobile regolith interface, weathered 
material is susceptible to entrainment by hillslope transport processes.  Increasing damage ought 
to increase the probability that a parcel of weathered material becomes part of the mobile 
regolith layer.  In many ways, this scenario parallels that of a landslide in which driving forces 
must overcome the resisting forces of internal cohesion.  The Boulder Creek Critical Zone 
Observatory, located in the Colorado Front Range, is a unique field site to study this interplay 
within the Critical Zone architecture at the hillslope scale.    
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1.2 Weathering  
To understand the relative importance of different weathering processes, we must first 
understand how weathering initiates.  Plutonic rocks are typically jointed as they cool below the 
Earth’s surface, imparting initial planes of weakness.  Tectonic processes further fracture rock on 
its way to the surface and create new weathering pathways.  The combination of jointing and 
tectonic brittle deformations create the framework that surface weathering processes operates 
upon.  The unweathered material adjacent to fractures typically has very low porosity, on the 
order of less than 1% (Sardini et al., 2006).  Surrounding fractures act as meteoric water 
pathways into unweathered rock and allow for the initiation of chemical weathering processes on 
fresh mineral surfaces (Meunier et al., 2007).   
It is widely understood that all minerals at the surface of the earth are at some degree of 
thermodynamic disequilibrium with the meteoric water constantly flowing through them.  To 
alleviate the stress of these gradients, rocks are constantly breaking down into finer grained, 
more homogenous mineral assemblages that are closer to equilibrium.  Meunier et al. (2007) 
states that this is accomplished by: (1) reduction of the average crystal size by fragmentation of 
primary minerals and crystallization of clay minerals, which are always small; and reduction of 
the number of mineral species as alteration continuously degrades the rock composition.   These 
processes result in clay minerals where dissolution is incongruent, and dissolved products where 
dissolution is congruent.  My research will seek to quantify the weathering products that are 
present in the system using quantitative X-Ray Diffraction (XRD) analysis. 
1.2.1 Mineral Alteration 
 Porosity formation and weathering within igneous and metamorphic rocks is important to 
biota, since it is the primary means of increasing hydraulic conductivity and storage in crystalline 
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bedrock aquifers (Rossi, 2010).  Earlier work in the Boulder Creek batholith indicates that ion 
exchange weathering of the phyllosilicate biotite is an important mechanism of crystal-scale 
porosity generation.  This reaction occurs as interlayer K is replaced by hydrated Mg, resulting in 
mineral expansion as it alters to vermiculite.  The disaggregation of igneous rocks during 
weathering is commonly referred to as “grussification.”  Grussification has the effect of reducing 
the bulk density of the rock from 2.67 g/cm
3 
to 1.98 g/cm
3 
in the Boulder Creek granodiorite 
(Isherwood and Street, 1976), and to comparable values in Sierra Nevadan tonalities (Nettleton 
et al., 1970).  
 In addition to mineral hydration, hydrolysis reactions are important chemical weathering 
processes, particularly in aluminosilicates.  In hydrolysis, CO2 dissolved in meteoric water 
creates carbonic acid, which acts as an H
+
 donor and removes soluble cations.  In 
aluminosilicates, such as the potassium feldspar orthoclase, this reaction does not result in 
complete dissolution.  Instead, the orthoclase is altered to clays such as kaolinite, and produces 
silicic acid, potassium and bicarbonate ions in solution: 
 
2KAlSi3O8 + 2H2CO3 + 9H2O ⇌ Al2Si2O5(OH)4 + 4H4SiO4 + 2K
+
 + 2HCO3
- 
orthoclase              carbonic acid                                       kaolinite                     silicic acid                          bicarbonate 
 
Hydrolysis reactions are common in near-surface weathering profiles where meteoric water can 
infiltrate into fractures and access fresh mineral surfaces.  The above reaction is simply one 
example of many possible silicate-weathering reactions. The type of clay precipitated is 
dependent upon local conditions. 
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1.2.2 Physical Weathering: Frost Cracking 
Both thermal expansion and frost cracking are important thermal processes operating on 
bedrock at the surface of the earth.  There are two mechanisms by which frost acts upon rocks: 
(1) repeated freeze-thaw cycles, and (2) prolonged freezing of rocks, resulting in ice growth 
within voids.  Anderson (1998) numerically models the effects of low-temperature regimes on 
crack formation in rocks and determines that time spent within a very narrow range of sub-
freezing temperatures (-3C to -8C) is more important than repeated temperature fluctuations 
across the freezing point.  Anderson’s numerical work is built upon previous experimental results 
from Walder and Hallet (1986, 1985), who used a series of open-system sandstone column 
experiments to show that cracking continues at sustained low temperatures in discrete bands of 
rock within this temperature window.  Their two findings demonstrates that a closed system view 
of freeze-thaw cannot explain the experimental data. 
 Periglacial weathering processes likely played a large role in the development of the 
lower Gordon Gulch weathering profile.  Work by Duhnforth and Anderson (2011) shows that 
an air temperature increase of 4.5–6° C without significant changes in precipitation between 18 
ka and 10 ka can to explain the observed pattern of glacial polish ages in Green Lakes Valley.  
By extension, we infer that the mean annual temperature in the Colorado Front Range was at 
least 4.5–6° C lower in the Quaternary, and may point to frost cracking as an important 
weathering mechanism.   
1.3 Regional Setting 
 The Front Range of Colorado rises from the 1600 m Colorado Piedmont to elevations 
over 4000 m near the Continental Divide.  The Front Range physiographic province is roughly 
50 km wide as measured from eastern outlet of Boulder Canyon to the narrow summit ridges of 
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the Continental Divide in the West (Anderson et al., 2006).  The Eastern edge of the Front Range 
is composed of steeply dipping Paleozoic sedimentary strata uplifted and warped during the 
Laramide Orogeny, which took place roughly 72 – 40 Mya.  Moving westward is a rolling 
Tertiary surface at 2300-3000 m. in elevation known as the Rocky Mountain surface (Epis and 
Chapin, 1975).  Into this surface, the tributaries of the South Platte have cut steep, deep, bedrock 
canyons.  Glaciers have intermittently occupied the canyon headwaters, and their moraines and 
valley profiles remain as a geomorphic legacy.  
 The weathering profiles characterized in this study are themselves legacies of the 
complex interplay between physical and chemical weathering processes framed by tectonic 
history.  These processes act over timescales ranging from fractions of a second to geologic 
periods.    The result of this interplay is the architecture of the life sustaining Critical Zone where 
inert bedrock becomes fertile soils.   Although there is no mechanistic model of regolith 
production that can explain this transformation, this study represents a first step in understanding 
this vital suite of mechanisms.  
 I start the examination of weathering and strength reduction in Chapter 2 by describing 
the study setting in detail.  Chapter 3 will address the variations in rock strength and outline 
sampling and analysis techniques.  Chapter 4 will describe the geochemistry and mineralogy of 
the rocks in the study.  I finish with a general discussion of findings and point towards future 
directions for research in Chapter 5. 
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Chapter 2. Study Setting: Lower Gordon Gulch, Boulder Creek Critical 
Zone Observatory 
2.1 Study Setting 
  Lower Gordon Gulch is small (2.75 km
2
), forested headwater catchment in the Front 
Range of west of Boulder, Colorado with an average elevation of 2627m (Figure 1.1).  
Maximum precipitation occurs in May, with minimum in the winter months.  The area is 
characteristic of the “Rocky Mountain Surface,” a low relief, high elevation surface that has 
developed in the post-Laramide landscape over the last 30 to 40 My (Anderson et al., 2006).  The 
E-W orientation of Gordon Gulch results in distinct differences in vegetation on north-facing 
versus south-facing slopes.  North-facing slopes are characterized by dense stands of Lodgepole 
pine (Pinus contorta), with south-facing slopes dominated by widely spaced Ponderosa (Pinus 
ponderosa) pine. 
 Dethier and Lazarus (2006), and Birkeland et al. (2003) describe weathering profiles in 
excess of 10 meters depth in adjacent catchments in the Colorado Front Range.  Shallow seismic 
profiles measured in Gordon Gulch show low-velocity zones of weathered rock at depths up to 
10-15 meters (Befus et al., 2011).  The work by Befus also shows contrasts in depth to high 
velocity bedrock between north- and south-facing hillslopes. Profiles on the north-facing slope 
have deeper low-velocity zones indicating deep weathered profiles.  A DEM created from 
LiDAR shows marked differences in total relief in lower Gordon Gulch.  The northern divide is a 
tall ridge, standing 200 meters above Gordon Creek, producing long south-facing slopes.  The 
southern divide is a broad lower slope standing only about 65 meters above Gordon Gulch 
(Table 2.1).  
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2.2 Hillsope Aspect and Microclimates  
 Geomorphologists have long documented differences in microclimates and vegetative 
cover on hillslopes due to hillslope aspect.  Shreve (1924) suggests that microclimate vegetative 
effects are particularly pronounced in semiarid areas with highly seasonal precipitation patterns 
such as his study sites in Northern Arizona and the Colorado Front Range. These differences 
may extend to hillslope morphology.  Branson and Shown (1990) document that north-facing 
slopes are steeper and more vegetated than south-facing slopes in the Green Mountain area west 
of Denver, Colorado.  Similar vegetation and hillslope morphology patterns are observed in 
lower Gordon Gulch, and are likely tied to insolation differences and related snowmelt patterns. 
 Soil moisture data collected from 20-25 cm depth in soil pits on north and south-facing 
slopes in lower Gordon Gulch show seasonal differences, likely tied to snowmelt dynamics  
(Figure 2.1). The north-facing slope site (NF-SP5) retained its snowpack longer throughout the 
winter and released stored water in a prolonged melt pulse in the spring (Figure 2.2).  A long, 
slow, melt pulse results in higher soil moisture content for longer periods.  North-facing NF-SP5 
displays volumetric water contents  > 0.2 for approximately a month in the spring of 2011, while 
south-facing SF-SP6 has volumetric water contents that rarely exceed 0.15, and only once 
exceeds 0.2.  Because hydraulic conductivity is non-linearly related to moisture content in the 
vadose zone, this difference is significant.  
 The differences in snowmelt dynamics are tied to differences in meteorological forcing 
on north and south-facing hill slopes.  Hinckley et al. (in review), showed that mean air 
temperature on the north-facing slope was 4.2°C during the 2009-2010 water year, whereas on 
the 
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Table 2.1: Elevations and relief for N-facing and S-facing hillslopes and sites. 
  
South Facing Slope North Facing Slope 
  
Transect Relief  
174 m 52 m 
Total Relief  
198 m 65 m 
  
Elevations:  
  
Soil-Mantled Sites Outcrop Sites 
SF-LP SF-LT 
2522 m 2505 m 
SF-MP SF-MT 
2618 m 2622 m 
SF-UP SF-UT 
2665 m 2675 m 
NF-LP NF-LT 
2508 m 2510 m 
NF-UP NF-UT 
2560 m 2563 m 
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Figure 2.1: Daily average of volumetric water content for north and south-facing hillslopes from 
10/1/2009 to 2/1/2012. 
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Figure 2.2:  Snow depth measurements from north and south-facing hillslopes from 2009 to 
2012. 
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south-facing slope was 6.2°C.   In general, the daily highs were higher on the south-facing slope, 
while the lows were lower on the north-facing slope.  These differences in air temperature are 
due to differences in incoming solar radiation on the two slopes.  Hinckley et al. (in review) 
estimated incoming solar radiation (accounting for slope angle and based on incoming radiation 
data from the Betasso site) was greater (up to ~50%) on the south-versus the north-facing slope 
in Gordon Gulch.       
2.3 Site Selection 
 LiDAR data from the Gordon Gulch CZO site shows lumpy, irregular topography (Figure 
2.3).  We know from field observations that the lumps in the landscape are bedrock outcrops, or 
tors, surrounded by soil-mantled areas.  Presumably, to produce such a “lumpy” landscape, 
weathering style and extent differ between outcrop and regolith-mantled rock.  To understand 
these differences, five outcrop and five regolith-mantled sites within lower Gordon Gulch and on 
both north-facing and south-facing slope aspects were selected for sampling.    Sites were 
selected as pairs that share similar parent lithology.  In addition, sites were selected so that they 
are in close proximity to soil pits sampled for cosmogenic radionuclide measurement (Foster et 
al., 2011).    
 The higher-relief south-facing hillslope contains three site pairs (six total sites).  The 
north-facing hillslope contains two site pairs, for a total of four sites (see Figure 2.3).  The 
naming convention references hillslope aspect, then slope location, then site type.  Hillslope 
locations are assigned L for lower site, M for mid elevation site, or U for upper elevation site.  
Site types are further designated T for “tor” or outcrop site, or P for “pit” or regolith-mantled.  
For example: 
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SF-LT: 
SF = South-facing 
L = Lower 
T = Tor  
 
 Site locations do not lie in a straight line across the catchment. Rather, sites were selected 
to minimize differences in bedrock lithology between sites.  The granodiorite I was trying to 
sample intrudes the metamorphic bedrock underlying most of Gordon Gulch, hence sample 
locations are only loosely aligned along a valley crossing transect.  The lower sites are located at 
similar elevations in opposing positions across the channel.  There is no corresponding “mid” 
site on the north-facing slope, so the SF-MT and SF-MP site location was dictated by lithological 
composition and not transect position.  The upper sites are roughly in line with each other across 
the gulch, but differ in elevation by 113 m.   Elevations of the sites derived from DEM models of 
Gordon Gulch are listed in Table 2.1.  
2.4 Past and Present Climate 
 Due to the presence of deep weathering profiles and low denudation rates, past climate 
history is important to understand weathering in this study area.  Dethier and Lazarus (2006) use 
simple box models of weathering to argue that weathering profiles 7-30 m in thickness on the 
Rocky Mountain Surface could take as much as 230 to 1340 kyr to develop.  Cosmogenic 
radionuclides from outcrops yield total bedrock denudation rates of 2-2.5 cm/kyr and residence 
time for material in the weathered profiles of 280 to 350 kyr (Dethier and Lazarus, 2006).  In 
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either case, the weathering profiles developed over times that span one to several Pleistocene 
glacial cycles. 
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Figure 2.3:  Swath profile of site locations in Lower Gordon Gulch, from CZO LiDAR. 
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 The modern mean annual air temperature from the Sugarloaf National Atmospheric 
Deposition Program (NADP) site for Gordon Gulch is around 7° C; this temperature is certainly 
higher than mean annual temperatures during most of the Pleistocene.  Gordon Gulch is located 
outside of the glacial limit, although there was extensive glaciation just west of the study site in 
valleys coming off the Continental Divide (Madole at al., 1999).  Duhnforth and Anderson 
(2011) show that the observed pattern of glacial retreat history in Green Lakes valley, about 20 
km to the west, can be explained with an air temperature rise of 4.5–6° C without significant 
changes in precipitation.  We infer that during Pleistocene glaciations the mean annual 
temperature near Gordon Gulch was at least 4.5–6° C lower than present.   This would place the 
mean annual temperature of Gordon Gulch during glacial times near 0°C, temperatures at which 
shallow permafrost may develop and periglacial conditions are likely (French, 2007).   
 At 2440-2730 m elevation, Gordon Gulch sits at the current rain-snow transition zone 
described by Williams et al. (2009). Gordon Gulch develops a seasonal snowpack on north-
facing slopes, and an intermittent snowpack on south-facing slopes (Figure 2.2). Mean annual 
precipitation is 506 mm, based on the 20-year average (NADP station CO94 at 39.99N, 
105.48W; NADP, 2011), and mean annual air temperature is 6.9°C (WRCC, 2011). Maximum 
precipitation occurs in May, with the minimum occurring in the winter months.  Cowie (2010) 
estimated that most of the annual precipitation falls as snow in Gordon Gulch based on the 
Sugarloaf NADP station data.   
 
2.5 Lithology 
Gordon Gulch is a geologically complex area with a history of multiple orogenic events, 
metamorphism, hydrothermal alteration, and a highly variable erosional regime (Anderson et al., 
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2006, Gable, 1980).  My study requires homogeneous isotropic parent rock to isolate differences 
in weathering.  The primary lithologies of interest for sampling are the Boulder Creek 
granodiorite, Twin Spruce quartz monzonite, and granitic zones of the associated metamorphic 
basement rocks, broadly known as the Idaho Springs (Gable, 1980).  Rb-Sr dates indicate that 
this suite of rocks is about 1.7 Ga in age.  These granitic rocks and their weathering derivatives 
exhibit distinctive assemblages that include: quartz, microcline (potassium feldspar), plagioclase, 
biotite, garnet, sillimanite, and hornblende. Clay weathering products include mixed-layer 
smectites, illites, vermiculite, chlorite, and minor kaolinite (Dethier and Bove, 2011).  
2.5.1 Host Rock Lithology- The Idaho Springs Gneiss 
Proterozoic metamorphic rocks locally named the Idaho Springs formation underlie most 
of Gordon Gulch (Gable, 1980).  This unit unconformably contacts the Pennsylvanian Fountain 
Formation along the mountain front, the Proterozoic Boulder Creek granodiorite to the east, as 
well as Tertiary igneous intrusions throughout its extent.  In the Southern Rocky Mountains, the 
Idaho Springs formation is composed of granite gneiss, hornblende gneiss, garnet gneiss, 
quartzite, and schist, which have been intruded by pegmatite, and biotite syenite dikes.  This unit 
has been interpreted as the product of arc-magmatism and sedimentation within associated basins 
along a convergent margin at the southern edge of the Wyoming craton (Reed et al., 1993; 
Condie, 1982; Duebendorfer, 2007).  Importantly, no pre-1.8 Ga basement rocks have been 
observed below the Idaho Springs formation, supporting the accretionary hypothesis.  The work 
of the above authors states that the biotitic supracrustal rocks are chiefly of sedimentary origin, 
but probably include some volcanic and volcaniclastic materials.  These rocks are intruded by 
foliated hornblende-biotite monzogranite and granodiorite calc-alkalic plutons that constitute 
roughly half of the Early Proterozoic terrane (Reed et al., 1993.    Within Gordon Gulch, gneissic 
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units are garnet and cordierite bearing, and display multiple deformation fabrics. The rock is dark 
gray to black, with white banding, and is typically fine- to medium-grained, with migmatic and 
pegmatitic zones.  Outcrops display both gneissic banding and schistosity, and contacts between 
phases range from gradational to sharp.  The presence of andalusite and cordierite suggests that 
the rocks experienced high-temperature metamorphism at shallow depths.     
2.5.2 The Boulder Creek Granodiorite, Twin Spruce Monzonite, and Associated Rocks 
 All of the rocks in this study are members of the Boulder Creek batholith, which lies 
within the larger structure of older Idaho Springs metamorphic unit.  A large igneous unit called 
the Boulder Creek granodiorite is common in Gordon Gulch and comprises much of the rock 
into which the nearby Boulder Canyon is cut. 
The Twin Spruce quartz monzonite is a granitic body that is commonly observed along 
the margins of, and interbedded with, the Boulder Creek granodiorite, and is genetically related 
(Gable, 1980).  Gable estimates that the Twin Spruce comprises roughly one quarter of the 
Boulder Creek batholith, and ranges in composition from granite to monzonite. Tweto (1987) 
estimates an aerial extent of 375 km
2 
for the entire unit.  Both authors cite the Twin Spruce as a 
finer-grained, slightly younger, more leucocratic facies of the Boulder Creek granodiorite.  In the 
field, compositionally similar units of the Boulder Creek batholith are indistinguishable.  
Granitic texture and composition are the dominant selection criteria for drilling a borehole. 
2.5.3 Tectonic Context   
Reed (1987) uses U-Pb series dating to constrain the timing of the subduction and related 
arc magmatism model proposed by Condie (1982).  This model suggests that the Cheyenne belt 
is a suture zone between the Archean craton and an oceanic magmatic arc (the Green Mountain 
arc) that was accreted from the south.  Reed shows that the metasediments of central Colorado 
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were most likely deposited in composite back-arc basins between converging magmatic arcs. He 
documented no subduction related mélange, suggesting that there was no suture between the 
arcs.  Changes in the dip of the subduction zone likely caused the emplacement of younger 
plutons, like the Boulder Creek granodiorite and Twin Spruce quartz monzonite within the back-
arc system.  Hills and Houston (1979) and Tweto and Sims (1963) relate this event to the 
resetting of K-Ar ages in the southern part of the Wyoming Craton as well as the formation of 
northeast-trending shear zones.  
More recent work describes the rock package exposed within the Buckhorn Creek shear 
zone (located just north of Boulder) as representative of primordial oceanic crust. By analogy 
with modern-day settings, this crust could have originated at a mid-ocean ridge, or at a ridge-
transform intersection (Selverstone and Cavosie, 2003).  Selverstone and Cavosie (2003) posit 
that this ophiolitic section was created at a triple junction transform boundary active during pre-
1.8 Ga rifting south and east of the Wyoming craton, then subsequently buried by turbidite and 
continental volcanic sediments.  This suite of rocks later serves as the host rocks for 
emplacement of calc-alkaline plutons of Boulder Creek batholith age.  Episodes of crustal 
shortening lead to upright folding, thickening, and reactivation of original transform faults during 
the Laramide orogeny, causing an episode of brittle fracturing that further predisposed the 
jointed rocks to weathering. 
2.6 Sample Lithology Classification 
 I attempted to select homogenous granodiorite bodies from the Boulder Creek batholith 
emplaced within the older cordierite gneiss.  However, the samples collected in this study span 
the entire granitic composition range.  Some of the sampled outcrops are likely large-scale 
granitic zones within the metamorphic unit.  For the purposes of the study, phaneritic crystal 
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habit and roughly granitic composition are more important than age and petrogenesis. 
Compositionally, variations in rock type are observed in each weathered profile, although all are 
classified as granitic rocks.  Outcrop samples are classified by rock type, and soil-mantled 
samples are sufficiently weathered to qualify as saprolite, or isovolumetrically weathered 
bedrock.  I assume that soil-mantled samples are derived from the nearby outcrop lithology 
except where noted.         
 The International Union of Geological Sciences (IUGS) quartz-alkali feldspar-plagioclase 
feldspar (QAP) diagram for plutonic igneous rocks is used for classification purposes.  This 
system employs the relative abundance of important rock-forming minerals to place a sample 
within an igneous phase space.  Three broad categories of rocks are sampled in Gordon Gulch: 
an alkali-feldspar granite/alkali-syenite series, a granite/monzonite/granodiorite series, and a K-
deficient tonalite.   The QAP diagram delineates compositional boundaries in a ternary diagram 
for outcrop samples in Figure 2.4.  One sample from the NF-UT site plots in the granite-rich 
quartz field, although this sample has likely been taken from a section of core containing a small 
quartz vein.  Two samples plot in the alkali-syenite field, both from NF-LT.  These samples are 
most likely taken from a pegmatite vein, and are therefore highly enriched in potassium due to a 
large modal abundance of potassium feldspar.  Soil-mantled core samples are not plotted on the 
QAP diagram. 
2.6.1 Texture 
In hand sample, the rock is a fine-grained phaneritic igneous rock, exhibiting an 
interlocking crystal habit with an average crystal diameter of less than 1 mm (Figure 2.5). 
Quartz, feldspar, and opaque biotite are visible in hand sample.  Quartz crystals fracture 
conchoidally and show vitreous luster.  Abundant quartz crystals indicate the rock is 
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oversaturated with respect to quartz, with a visual compositional percentage of >20% quartz.  
Feldspars are white, and show cleavage planes with pearly luster when exposed to oblique light.  
Feldspar crystal habit is massive, with no large phenocrysts.  Biotite is abundant, exhibiting 
blocky to sub-angular crystal habit.   
2.6.2 Mineralogy 
Thin section analysis of a representative granodiorite sample (SF-MT, GT-3) under plane 
polarized light (Figure 2.6) shows very low positive relief, and lack of pleochroism of feldspars, 
making them difficult to distinguish from quartz.  Minor, small opaque minerals are 
unidentifiable in this view.  Biotite is visible, showing typical brown absorption colors, perfect 
(001) cleavage and high relief.  Mottled “bird’s eye maple” extinction confirms that the mica is 
biotite as opposed to muscovite.   
Thin section analysis with crossed polars reveals the presence of quartz, potassic 
feldspars, biotite, and minor muscovite.  The rock is holocrystalline, and exhibits euhedral to 
subhedral microcline and biotite, as well as euhedral quartz.  Crystals are heavily fractured, and 
cross-cutting micro-fractures disrupt many of the twinning patterns.  Alteration of biotite to 
chlorite is widespread, but incomplete within the thin section.  Zones of complete alteration are 
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Figure 2.4: All outcrop samples plotted on International Union of Geological Sciences (IUGS) 
quartz-alkali feldspar-plagioclase feldspar (QAP) diagram for plutonic igneous rocks. 
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Figure 2.5: Image of a hand sample taken from a split 36 mm diameter core section from 39 cm 
depth in core from south-facing mid-slope tor (SF-MT GT-4).  Field of view: 3cm. 1 mm 
divisions on ruler.  
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commonly associated with fresh biotite, indicating differential pathways of atmospheric water 
infiltration. 
Figure 2.6:  Photomicrograph of granodiorite:  SF-MT GT-4.  Note the low relief and lack of pleochroism.  Plane-
polarized light.  Field of view approximately 3 x 3 mm. 
  
29 
Primary muscovite is identifiable by diagnostic high interference colors under crossed 
polars and transparency under plane polarized light.  Within more gneissic phases fibrous 
sillimanite is present, indicating high temperature metamorphism.  Quartz is abundant, with 
numerous zones of undulatory extinction.   
Diagnostic polysynthetic or “tartan” twinning of microcline is visible in thin section (#4 
in Figure 2.7). All of the feldspars show first-order interference colors, and inclined extinction.  
The majority of feldspars are microcline, with the remainder being orthoclase.  Orthoclase 
exhibiting simple Carlsbad interpenetrated twinning is visible at (#3), although the crystal is 
highly fractured and subhedral. Little plagioclase is visible in the entire thin section, indicating a 
very alkali melt, though there does appear to be polysynthetic albite twinning visible at (#5).  
The thin section shows two prominent intergrowth textures.  The first is visible at (#1) in 
Figure 2.7.  (#1) shows “wart myrmekite”, or a wormlike intergrowth of K-feldspar and quartz 
within a plagioclase crystal.  This intergrowth feature is indicative of K-metasomatism.  The 
second intergrowth feature is visible at (#2) in Figure 2.7.  (#2) shows a perthitic lamella of 
albite within what appears to be an orthoclase crystal.     
2.6.3 Genesis 
Based upon textural observations of the Boulder Creek in thin section, I have interpreted 
that the fine-grained (< 1 mm crystal size), phaneritic texture of the granite suggests plutonic 
emplacement of the melt at shallow depths.  The abundance of the low-temperature, highly 
ordered polymorph of K-feldspar, microcline K(AlSi3O8) supports this interpretation.  
Orthoclase, the medium to high-temperature polymorph of K(AlSi3O8), shows areas of partially 
developed tartan twinning within simply twinned grains, and displays perthitic albite 
intergrowths, suggesting that there were retrograde reactions taking place during crystallization 
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at lower temperatures and that there was sufficient Na present during unmixing to produce albite 
lamellae within the dominant orthoclase phase.  The presence of myrmekite is indicative of 
metsasomatic, subsolidus exchange processes taking place, specifically K-metasomatism.  This 
typically takes place in tectonically active areas where crystal damage allows for chemical 
exchanges. In this case, I observe replacement of plagioclase by potassic feldspar and quartz 
vermicules.  
Based upon textural observations as well as published geologic and tectonic conceptual 
models, It appears that the Twin Spruce quartz monzonite and Boulder Creek granodiorite 
crystallized from a calc-alkaline magma derived from the mantle or lower crust.  Gable (1980) 
speculates that the Twin Spruce quartz monzonite, tonalite, and syenite are later differentiates of 
the magma that produced the Boulder Creek granodiorite, produced by fractional crystallization.  
She supports this assertion by observing that the Boulder Creek plots within the low-temperature 
thermal valley for granites identified by Bowen and Ellestad (1937), but that the plagioclase 
crystallization history appears to have begun at high temperatures, indicating large-scale 
differentiation or zonation of the Boulder Creek Batholith within the study area.  
  Taken together, these observations suggest that there was a high degree of chemical 
mobility within the melt.  As the melt cooled, large-scale, spatially complex zoned and 
intermixed units of variable composition formed within the batholith.  These intermixed units are 
visible on geologic maps of the area (Tweto, 1987; Gable, 1980).  This widespread heterogeneity 
  
31 Figure 2.7:  Thin section of SF-MT GT-4 under crossed polars.  Different area of thin 
section than Figure 2.6, same field of view size. 
 
1. Myrmekitic texture. 2. Perthitic texture. 3. Twinning in orthoclase. 4. Tartan 
twinning in microcline. 5. Polysynthetic twinning in plagioclase.  
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extends to the crystal scale where imperfect and mixed crystal structures may impart many points 
of weakness within the crystalline structure of the rock, leading to increased weathering 
susceptibility.  Geotechnical testing of weathered rocks allows for better characterization.  In 
Chapter 3, I will outline geotechnical testing methods and findings from the shallow subsurface 
in Gordon Gulch. 
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Chapter 3. CHARACTERIZING THE MECHANICAL STRENGTH 
OF THE SHALLOW SUBSURFACE 
3.1 Introduction 
 Since the inception of formal studies of rock properties, scientists have sought to 
characterize the rocks of the near-surface weathered mantle.  This weathered mantle is not an 
insular structure, however, and modern research has begun to incorporate water, biota, and gases 
into a cohesive understanding of the Earth’s surface termed the Critical Zone (National Research 
Council, 2001).  Weathered rock varies from millimeters to tens of meters depending upon a 
complex interplay of physical and chemical processes and initial conditions.  The Critical Zone 
is stratified, with the most weathered material assumed to be near the top of the profile and the 
least weathered material at the base.  Over time in an eroding system, a parcel of rock translates 
upwards through the Critical Zone and is subjected to weathering processes until it becomes 
sufficiently weakened to allow hillslope transport processes to remove the parcel from the 
weathering profile and transport it downslope.  G.K. Gilbert outlined this basic framework in his 
seminal “Report on the Geology of the Henry Mountains: Geographical and Geological Survey 
of the Rocky Mountain Region” (1877), wherein he describes erosion as comprising 
“disintegration” and “transportation.” 
 The purpose of this study is to characterize the degree of “disintegration” in the rocks of 
Gordon Gulch, a watershed located within the Boulder Creek Critical Zone Observatory (CZO).  
This study builds upon a large body of literature that seeks to characterize the geochemical and 
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physical changes that rock undergoes as it weathers to mobile regolith (for example, Moon and 
Jayawardane, 2004; Begonha and Braga, 2002; Hoke and Turcotte, 2002).  Relating geochemical 
changes to physical properties is a first step in developing a process-based model that describes 
and predicts how the Critical Zone develops and is maintained in a changing world. 
 This study uses a widely accepted engineering methodology known as the Brazilian 
tensile test (also known as the splitting tensile test) to evaluate the strength of rocks.  The 
Brazilian tensile test is ideal for this study because samples are easy to prepare and test, and 
literature suggests that laboratory tensile stresses most accurately simulate in situ stresses exerted 
by tree roots and other penetrative biological and physical processes (Aydin and Duzgoren-
Aydin, 2002). 
3.2 Methods 
3.2.1 Drilling 
 In a catchment lacking roads like the lower portion of Gordon Gulch, obtaining deep rock 
cores using traditional truck-mounted drilling rigs is not feasible. Instead, I used a backpack 
portable drilling rig that allows sampling at the outcrop scale (Figure 3.1).  The drill is a Tanaka 
TED-270PFL, 27 cc, 1.4 h.p. PureFire two-stroke gas powered drill.  The drill has been re-ported 
and re-geared by Shaw Tools to accept and drive 0.5 m long, 36 mm interior diameter core barrel 
sections with an operating width of 42 mm.  Core sections are 36 mm in diameter.  The drill bit 
assembly is a 62 mm long sintered diamond crown and pedestal unit fitted onto the 
  
Figure 3.1:  Drilling an outcrop with the backpack portable Shaw Drill. 
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end of a core barrel section.  The core barrels are internally lubricated with water routed through 
a water swivel at the base of the drill and supplied by pressurized 1.5 gallon compression bottles. 
3.2.2 Shallow Bedrock Coring 
 Drilling rates and solid core recovery were highly variable between all sites.  Weathering 
grades varied widely not only between sites, but often at sub-meter scale within the same 
outcrop.  Rock Quality Designation (RQD) is a simple, reproducible, and inexpensive core 
recovery index (Deere et al, 1967) that is frequently used in engineering literature to normalize 
borehole recovery data.  RQD indirectly describes the number and spacing of fractures as well as 
core section hardness and related weathering grade.  RQD is obtained by summing up the total 
length of core recovered but counting only those pieces of core which are 10 cm in length or 
longer, and fully intact: 
 
 RQD = 
∑                           
∑                               
, 
 
using core lengths measured along section centerline.  RQD is a very broad classification 
scheme.  Due to the smaller bore diameter of the portable drilling setup, a different metric is 
proposed using total solid recovery length divided by borehole depth and reported as core 
recovery percentage: 
 
                
∑                          
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Solid core is defined as being core material that is entirely coherent, with no continuous open 
fractures along the length or width of the section.  Section breaks are all naturally occurring, 
except where mechanical core breaks are noted.  Therefore, section length can be inferred to 
represent subsurface fracture spacing 
3.2.3 Sample Preparation 
 Core sections were boxed and logged in the field.  Vertical orientation, section length, 
and recoverable drilling mud properties were observed and noted.  Detailed logging of mineral 
constituents, degree of decomposition, and core dimensions was conducted in the lab. Core 
sections were then selected for further processing to meet ASTM standards for geotechnical 
testing described below.  Core sections were visually selected to represent the dominant lithology 
on sub-decimeter spatial scales, i.e. pegmatitic veins were largely excluded, as were areas of 
obvious mica mineral aggregation.  In some cores sections, no material met these criteria, and 
therefore some pegmatitic samples were analyzed.  The pegmatitic samples are noted in the 
analysis section. 
 Samples were prepared for strength testing in accordance with ASTM Designation D 
3967 – 95a: Standard Test Method for Splitting Tensile Strength of Intact Rock Core Specimens 
(ASTM, 2001). Samples were cut using a water-lubricated precision diamond saw to a thickness-
diameter ratio (t/D) of 0.5.  Cuts at the end of the core section are parallel to each other and at 
right angles to the longitudinal axis of the sample cylinder.  The diameter of the prepared sample 
was measured three times along diametral planes to the nearest 0.25 mm using digital calipers.  
The average value of all three diameters is used to calculate t/D.  Thickness was measured with 
digital calipers at five points along the edge of the samples and the mean value was used.    
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3.2.4 Splitting (Brazilian) Tensile Testing 
 A direct uniaxial tensile test is difficult and expensive for routine strength measurements.  
The splitting, or Brazilian tensile test, is much simpler and more cost-effective, especially when 
it is difficult to obtain large volumes of testable material. The Brazilian tensile test is conducted 
by loading a cylindrical core section approximately 2 cm in length between two steel platens.  
The load frame then compresses the sample along the cylinder longitudinal axis between the 
platens, creating a line load.  Force increases until the sample splits diametrically (Figure 3.2).   
 Prepared samples meeting ASTM D 3967 standards are loaded between two flat steel 
platens and a continuously increasing compressive line load is applied.  The tensile failure force 
is reached within 1 to 10 minutes of test initiation.  The splitting tensile strength is calculated as 
follows: 
 
     σ = 2P/(πLD)    (Eq. 1)  
 
where: σ = splitting tensile strength (MPa), P = maximum applied load indicated by the testing 
machine (N), L = thickness of the specimen (mm), D = diameter of the specimen (mm)   
 
3.2.5 Load Frame 
 The hydraulic load frame is manufactured by MTS Systems Corporation and has a load 
capacity of 100,000 pounds.  Displacement rate for all tests is 5.08 x 10
-6
 m/s.  Loads were 
measured and recorded every 0.1 seconds.  Resolution for all tests is approximately 1/3 lb (force) 
or 1.48 N.    
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3.3 Results 
3.3.1 Core Analyses 
 Drilling recovery varied significantly between sites, ranging from a low as 41% to 88% 
recovery.  Results are compiled by site and presented in Table 3.1.  Generally, outcrop boreholes 
have higher recovery rates than soil-mantled boreholes.  The exceptions to this observation are 
NF-UT with a very low recovery rate of 41% and SF-UP with a high recovery rate of 81%.   
 Summary statistics for core section length arranged by hillslope aspect are presented in 
Table 3.2, and t-tests of section length means are presented in Table 3.3 The SF sites have a 
mean section length of 7.1 cm, and the NF sites have a lower mean section length of 6 cm.  The 
SF sites also exhibit more spread in the data, with a range of 21.5 cm and a standard deviation of 
4.4 cm.  The NF sites have a range of 11 cm and a smaller standard deviation of 2.8 cm. 
Histograms (Figures 3.3 and 3.4) are arranged by aspect and then by type, outcrop or soil-
mantled, and display the positive skew in the dataset.  NF-UT is the most uniform in section 
length distribution.   
 Due to the extremely poor solid recovery in regolith-covered boreholes, RQD is 
calculated for outcrops only (Table 3.4).  All soil-mantled sites would fall into the “Very Poor” 
grade because no samples were recovered that measure in excess of 10 cm.  RQD values in the 
outcrop cores range from 10.5 to 62, which equate to ratings of “very poor” to “fair.”  Mean 
RQD value for the south-facing slope outcrops is 47.7, earning a “poor” designation.  North-
facing slope outcrop sites earned a mean RQD value of 25.5 placing it at the upper bound of the 
“very poor” classification. 
 
 
Figure 3.2:  Brazilian tensile testing specimen showing diametrical fracture after critical stress is 
applied. 
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Table 3.1:  Borehole depths and recovery for all sites. 
 
    
 
Borehole Depth (cm) Solid Recovery (cm) Recovery (%) 
Outcrop Sites    
NF-LT 137.5 117.5 85% 
NF-UT 137 56 41% 
    SF-LT 117.5 100.5 86% 
SF-MT 99 86 87% 
SF-UT 121 106.5 88% 
    Soil-Mantled Sites 
   NF-LP 165.5 94.5 57% 
NF-UP 105 42.5 41% 
    SF-LP 105 43 41% 
SF-MP 120 32.5 27% 
SF-UP 104 84.5 81% 
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Table 3.2.  Descriptive statistics for section length distributions, grouped by hillslope aspect.  
 
 
North-Facing South-Facing 
Count 49 72 
Mean 6 cm 7.1 cm 
Standard Deviation 2.8 cm 4.4 cm 
Mean Standard Error 0.40 cm 0.52 cm 
Minimum 2 cm 2.5 cm 
Maximum 13 cm 24 cm 
Range 11 cm 21.5 cm 
Mode 5 cm 3 cm 
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Table 3.3:  T-test of section length means for all geotechnical testing samples, by sample type 
and aspect.  The two-tailed t-test assumed unequal variance.  Statistically significant differences 
in section lengths yield p-level values  <0.05, shown in red.   
 
 
  
  Sample size 
Mean Section 
Length (cm) 
Variance 
All Samples 
   
Soil-Mantled 31 6.21 15.70 
Outcrop 34 5.87 9.13 
  
p-level 0.70 
  
  All Samples 
 
  North-Facing 55 6.02 7.94 
South-Facing 71 7.08 19.39 
  
p-level 0.11 
  
  Outcrop Samples 
   
North-Facing 33 5.89 9.39 
South-Facing 41 7.75 21.67 
  
p-level 0.04 
  
  Soil-Mantled Samples 
   
North-Facing 22 5.77 3.83 
South-Facing 30 6.27 16.13 
  
p-level 0.56 
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Figure 3.3:  Section lengths for south-facing sites. 
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Figure 3.4:  Section lengths for north-facing sites. 
 
 
 
0
1
2
3
4
5
6
7
8
Up to 2 2 To 4 4 To 6 6 To 8 8 To 10 10 To 12 12 To 14 14 To 16 16 To 18 More
C
o
u
n
t 
Length (cm) 
Soil-Mantled Sites 
NF-UP
NF-LP
0.
1.
2.
3.
4.
5.
6.
7.
8.
Up to 2 2 To 4 4 To 6 6 To 8 8 To 10 10 To 12 12 To 14 14 To 16 16 To 18 More
C
o
u
n
t 
Length (cm) 
Outcrop Sites 
NF-UT
NF-LT
  
46 
Table 3.4:  RQD (Rock Quality Designation) for outcrop boreholes.   
 
RQD: Very Poor: (0-25), Poor: (26-50), Fair: (51-75), Good: (76-90), Excellent: (91-100) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
RQD Value 
 
NF-LT 34 POOR 
NF-UT 17 VERY POOR 
SF-LT 53 FAIR 
SF-MT 53 FAIR 
SF-UT 37 POOR 
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3.3.2 Strength Profiles 
 Failure tensile stresses vary widely with depth, both between sites and between hillslope 
aspects (Figure 3.5).  All sample depths are reported as depth below the surface.  For outcrops, 
this surface is the surface of the rock where the borehole is open to the air, and for soil-mantled 
sites, the “surface” is a plane parallel to the ground surface surrounding the pit and depths are 
measured from a point normal to the borehole opening intersecting this imaginary plane.   
3.3.2.1 Summary Statistics 
 Outcrops have a statistically significant (95% CI) higher mean tensile failure stress than 
soil-mantled samples (Table 3.5).  As well, two-tailed t-tests using a 95% confidence interval 
show that there is a statistically significant difference in the mean failure stresses of outcrops on 
north and south-facing hillslopes, the north-facing outcrop sites having a lower mean failure 
stress than south-facing outcrop sites (Table 3.6).  In addition to hillslope aspect, hillslope 
position appears a potentially significant spatial variable.  The two-tailed t-test and assuming 
unequal variance, shows a statistically significant difference between the tensile failure stresses 
in outcrops at the top and bottom of both sampling transects (Table 3.7).   
 
3.3.3 Profile Descriptions 
South-Facing-Lower Site 
 The south-facing lower site exhibits a very clearly stratified strength profile, where rock 
under the soil-mantle fails at low tensile stresses compared to the rock outcrop profile (Figure 
3.6).  The mean failure stress value for the soil mantled core (SF-LP) is 1.42 MPa, while the 
outcrop (SF-LT) sample mean failure stress is 3.34 MPa.  Within the outcrop, there appears to be 
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a jump in failure stress around 50 cm below the surface.  Mean tensile failure stress for samples 
above 55 cm is 2.37 MPa, whereas the mean failure stress below 55 cm is 4.30 MPa.  This trend 
suggests an increase in mechanical strength with depth at this site.   The highest failure stress of 
any sample in the study of 6.1 MPa is recorded at 61 cm depth in SF-LT. 
South-Facing Mid Site 
 The south-facing mid site is characterized by very low recovery rates in the soil-mantled 
borehole.  Similar to the lower site, the strength profile is highly stratified, with soil mantled 
samples exhibiting much lower mean tensile failure stress (1.78 MPa) than the outcrop sample 
mean (3.31 MPa) (Figure 3.7).    The south-facing mid site displays the highest discrepancy 
between soil-mantled and outcrop core recovery.  In over two meters of drilling, only two usable 
samples were recovered from SF-MP, the lowest recovery rate for all sites.   
South-Facing Upper Site 
 The south-facing upper outcrop site does not display an increase in rock mechanical 
strength with depth (Figure 3.8).  The uppermost surface sample, at 4 cm, has a tensile failure 
stress of 1.93 MPa, whereas the deepest sample, at 103 cm, has a failure stress of 1.48 MPa.  
However, the outcrop samples as a whole have a higher mean failure stress (2.15 MPa) than the 
soil-mantled samples (1.57 MPa).   
 The south facing upper soil-mantled site (SF-UP) is unique among the soil pits excavated 
for this project in that the mobile regolith layer contained a number of large, rounded to sub- 
 
 
 
 
Figure 3.5:  Tensile stresses at failure for all samples, plotted as a function of depth below the 
ground surface.   
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Table 3.5:  Mean failure stresses by borehole type (outcrop versus soil-mantled).  Statistical 
comparison by two-tailed t-test assuming unequal variance; p < 0.05 is statistically significant at 
a 95% confidence interval.   
 
Borehole type Sample size 
Mean Failure 
Stress (MPa) 
Variance 
Outcrop 42 2.69 1.28 
Soil-Mantled 24 1.71 0.47 
  
p-level:  
0.00004 
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Table 3.6:  Mean failure tensile stress by slope aspect and borehole type.  Statistical comparison 
by two-tailed t-test assuming unequal variance; p < 0.05 (shown in red) is statistically significant 
at a 95% confidence interval.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comparing Failure Stress Means by Hillslope Aspect 
[Two-tailed t-test assuming unequal variance] 
Descriptive Statistics    
 Sample size Mean Failure Stress (Mpa) Variance 
All Samples    
South-Facing 43 2.44 1.41 
North-Facing 21 2.10 0.71 
    
  p-level 0.19 
Outcrop     
South-Facing 28 2.95 1.29 
North-Facing 13 2.14 0.98 
    
  p-level 0.03 
Soil-Mantled    
South-Facing 15 1.55 0.45 
North-Facing 8 1.95 0.46 
    
  p-level 0.20 
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Table 3.7:  T-tests of failure tensile stress means by hillslope location. 
 
S-facing 
Hillslope 
Sample 
size 
Mean 
Failure 
Stress 
(MPa) 
Variance 
SF-LT 10 3.34 1.86 
SF-UT 10 2.22 0.46 
    
    
  
p-level 0.03 
N-facing 
Hillslope  
      
NF-LT 8 2.80 0.66 
NF-UT 6 1.35 0.06 
    
    
  
p-level 0.001 
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Figure 3.6:  Strength profile for the south-facing lower site (SF-LP and SF-LT). 
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Figure 3.7: Strength profile for the south-facing mid site (SF-MP and SF-MT). 
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Figure 3.8:  Strength profile for the south-facing upper site (SF-UT and SF-UP). 
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angular clasts of locally derived granitic lithology.  One of these boulders was cored and sampled 
for geotechnical properties. These samples are shown with the three points labeled SF-UP 
(boulder) in Figure 3.8 plotted at the depth below the surface from which the boulder was 
recovered. The tests show that the top and bottom surfaces of the boulder are weaker than the 
center of the boulder.  This observation suggests a “corestone” or weathering rind type, diffusion 
controlled weathering in blocks released into the mobile regolith layer.  A diffusion-controlled 
weathering regime has been proposed by Hoke and Turcotte (2002) for granitic lithologies.  
Further work on clasts in transport is required to test this conclusion.   
North-Facing Lower Site 
The north-facing lower site (Figure 3.9) does not show the same two-tiered strength 
profile as the lower south-facing site (Figure 3.6).  The NF-LT and NF-LP profiles approach 
similar values at the bottom and top of the profiles, respectively. Mean failure stress is 2.80 MPa 
for NF-LT and 2.23 MPa for NF-LP.  Thus, it is clear that failure tensile stress for the outcrop 
samples is higher, but the magnitude of the discrepancy is smaller at the north-facing lower site 
than at the south-facing lower site.   
North-Facing Upper Site 
The north-facing upper site is located on the edge of a broad, low-relief bench that 
characterizes most of the southern portion of lower Gordon Gulch.   This site is also interesting 
because the failure stresses in the soil-mantled (NF-UP) and outcrop (NF-UT) samples are not 
significantly different from each other (Figure 3.10).  In fact, the soil-mantled sample mean 
failure stress (1.67 MPa) is higher than the mean outcrop stress (1.35 MPa).  The overlap in 
mechanical strength values is more pronounced in the NF-Upper site than at the NF-Lower site.   
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3.4 Discussion 
 In this study, bedrock cores reached a maximum depth of 2.3 m, with many cores 
reaching no more than 1.5 m.  These depths are much lower than the 8 m thick average 
weathering profile depth described by Dethier and Lazarus (2006) for this region. Befus et al. 
(2011) identify a low-velocity (<3.5 km/s) layer approximately 3 m thick in Gordon Gulch, with 
high velocity (>3.5 km/s) bedrock, presumed to represent fresh lithology, an average of 11 m 
below the surface.   They interpreted everything with seismic refraction velocities <3.5 km/s as 
weathered rock or mobile regolith.  None of the cores analyzed in this study reach depths where 
fresh rock was found by Dethier and Lazarus (2006) or Befus et al. (2011).   
 The failure stresses measured in this study range between 6 MPa and less than 1 MPa 
(Figure 3.5).  These values fall within the range of tensile failure stresses reported by Gupta and 
Rao (2000) for the Malanjkhand granite, as well as Aydin and Basu (2005) for the Kowloon 
granite.  Both are medium grained intrusive igneous plutons of relatively homogenous 
composition (biotite monzonite).  Aydin and Basu (2005) report a range of 9.5 MPa, with the 
strongest samples having tensile failure stresses in excess of 10 MPa, and the weakest samples 
failing at stresses below 1 MPa.  Gupta and Roa report failure stresses ranging between 0.97 and 
16.13 MPa. Even the freshest outcrop samples in this study have undergone weathering induced 
mechanical strength reduction.  However, within the weathered rocks sampled in this study, 
strong spatial variations in rock strength likely reflect environmental controls.     
 Broadly, core recovery, RQD, and core segment length data collectively demonstrate that 
weathered rock characteristics differ between outcrop and soil mantled sites. The soil-mantled 
boreholes exhibit  
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Figure 3.9:  Strength profile for north-facing Lower Site (NF-LP and NF-LT). 
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Figure 3.10:  Strength profile for the north-facing upper site (NF-UP and NF-UT). 
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low total recovery rates, RQD values, and shorter core length segments at all soil-mantled sites 
compared to relatively high recovery rates, RQD values, and core section lengths, for outcrop 
boreholes (Tables 3.1, 3.2, 3.3), indicating overall more competent rock on outcrops.  One 
notable exception is the NF-UT borehole that has a very low recovery rate (Table 3.1) when 
compared to NF-UP.   
 The tensile failure strength measurements support the conclusion that weathered rock 
below a soil mantle is not as competent as rock in outcrop.  The coring technique was more 
effective in more competent rock, and therefore the difference between outcrops and soil-
mantled rock strength is probably greater than is represented in Table 3.5.  In soil-mantled sites, 
drilling typically progresses very slowly, producing large volumes of silty, mica-rich mud that is 
forced up the borehole by water pressure created by the drilling rig’s water pump. After the drill 
string is removed from a soil-mantled site, the borehole remains open and retains its shape, albeit 
with some sloughing of grainy rock and pockets along the bore length. Although the weak rock 
may be coherent when undisturbed, its mechanical strength has been reduced sufficiently that the 
presence of water and friction from drilling are able to slake the saprolitic material.  The coring 
system used did a poor job of recovering these low-strength weathered rocks.   
 Pockets or lenses of more coherent material were encountered at depths of up to 2.3 
meters in soil-mantled sites, and core recovery improved at these depths.  Because of low 
recovery, core samples must represent the upper bounds of rock strength in soil-mantled 
locations in lower Gordon Gulch.  This implies that my soil-mantled sampling population is 
positively skewed toward stronger values, as much of the material located between testable 
samples is significantly weaker.  My measurements therefore minimize the mechanical strength 
differences between soil-mantled and outcropping rocks.  It is important to note that Befus et al. 
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(2011) avoided outcrops when citing his shallow seismic refraction lines in Gordon Gulch, and 
therefore only imaged weathering under soil-mantled rock.  Our study indicates that the 
weathering profiles imaged by Befus at al. may be indicative of the weakest rocks in Gordon 
Gulch, and not the entire weathering catena.   
 In addition to the weathering effects of a soil mantle, there are spatial variations in rock 
strength that appear to be controlled by hillslope aspect.  Outcrops on south-facing slopes are 
stronger than outcrops on north-facing slopes (Table 3.6).  One possible explanation for the 
differences in the strength of weathered rocks is differing microenvironments on north-facing 
and south-facing hillslopes.  North-facing hillslopes are characterized by dense stands of 
lodgepole pine (Pinus contorta) that provide shade, helping to retain a winter snowpack longer, 
and receive less solar radiation than south-facing hillslopes.  As a result, soil-moisture is higher 
during the spring long melt pulse.  In contrast, south-facing hillslopes are characterized by wide 
stands of ponderosa pine (Pinus ponderosa).  Wide tree spacing intercepts less insolation than 
the lodgepole forest on north-facing slopes, resulting in patchy winter snowpack, and  “flashier” 
hydrology and lower soil moisture on average.  These anisotropies should extend into the 
shallow subsurface, and manifest as differences in weathering regimes, and by extension 
mechanical strength reductions in rock core samples.   
 It is important to note that the statistical differences in tensile failure stress apply only to 
outcrops.  Because outcrops lack a soil mantle, I cannot directly appeal to soil moisture as the 
cause for the difference in strength.  However, north-facing outcrop boreholes are statistically 
more fractured than south-facing boreholes.  Higher volumetric water content for longer periods 
of the year due to a long melt pulse on the north-facing slope most likely has a non-linear 
positive impact on hydraulic conductivity in the shallow subsurface.  It is possible that the north-
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facing slope is accessing deeper flow paths and feeding fracture systems in north-facing 
outcrops, weathering them more extensively.   
 Another possibility is that the boreholes drilled in this study did not extend deep enough 
into the soil-mantled weathering profile to identify the spatial variation in rock strength in these 
profiles.  In other words, the top of the soil-mantled profile may be very weak on both slopes, 
such that statistically significant differences are only encountered at greater depths than the ~ 2.5 
m boreholes drilled in this study.  Deeper boreholes and soil moisture sensors installed in 
fractures adjacent to outcrops could resolve this issue. 
 In addition to mechanical strength differences, core segment lengths tend to be greater on 
S-facing slope outcrop sites than north-facing slope outcrop sites (Table 3.3). As previously 
noted, S-facing sites have significantly higher mean tensile stress value at failure (Table 3.6), 
suggesting a correlation between fracture spacing and weathering extent. With very few 
exceptions, core section breaks were naturally occurring, and therefore provide insight into the 
fracture spacing of the subsurface weathering profile. Often, the broken ends of recovered core 
are highly oxidized and stained, suggesting that fractures play an important role in the 
weathering of subsurface rocks. The timing and mechanism of these fractures remains unknown, 
since some at least are pre-existing (Molnar et al., 2007) and are further controlled by igneous 
and metamorphic fabrics and foliations.  Regardless, subsurface fractures act as conduits for 
atmospheric water and thus act as weathering pathways.  
  Low recovery rates and tensile failure stress values in soil-mantled sites suggest that 
weathering in these profiles may have progressed sufficiently to overshadow the effect of 
fracture spacing on strength reduction.  This supports the work of Ehlen (1999), who suggests 
that fresh and slightly weathered granitic rocks have distinctly different geotechnical properties 
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than moderate to completely weathered material, and that mean fracture spacing in weathered 
granites is usually smaller, up to 25%, than in fresh granitic profiles.  
Finally, the apparently significant difference in rock strength with hillslope position is 
interesting (Table 3.7).  In both slope aspects, the lower outcrop profiles (NF-LT and SF-LT) 
have higher mean failure stresses than the upper sites on their respective hillslopes (NF-UT and 
SF-UT).  This finding is unexpected, since lower hillslope positions should presumably be wetter 
and therefore more weathered due to upslope accumulation of subsurface flow.  More sites 
should be tested to determine whether this finding is representative.   
 In summary, within the weathered rock mantle, spatial variations in rock strength are 
found that can be related to two specific environmental variables: slope aspect and soil mantle.  
Weaker rocks on N-facing aspects and below a soil mantle suggest more advanced weathering in 
these sites, although other confounding variables are likely important as well.  For example, trees 
are more likely to root in areas that have an existing soil mantle, and further weaken rocks by 
growing new roots and disrupting the weathering profile by toppling over after dying.  Frost 
processes are also influenced by environmental variables, and should result in similar spatial 
weathering patterns (Anderson et al., in review).        
3.5 Conclusions 
 Borehole recovery, core section length, and Brazilian tensile testing analyses all provide 
insight into the subsurface characteristics of weathered profiles in lower Gordon Gulch, a 
subalpine catchment in the Boulder Creek Critical Zone Observatory.  Coring achieved 
maximum depths of less than 2.3 m, far less than weathered profiles described by Dethier and 
Lazarus (2006), and Befus et al. (2011), indicating that all descriptions pertain to weathered 
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rocks.  Within this weathered mantle spatial variations in the competence and strength of rocks 
appear to be linked to two environmental variables: soil mantle and hillslope aspect.   
 Borehole recovery, RQD values, and core section lengths all indicate that rock is more 
competent in outcrops than below a soil mantle.  Further, outcrop samples have higher tensile 
failure values than soil-mantled samples.  There is a sampling bias within the soil-mantled 
sample population due to large drilling losses in incompetent weathered matrix between lenses of 
more competent weathered bedrock.  Strength differences reported in this study are likely more 
pronounced than my data suggest. 
 Hillslope aspect is also important.  Tensile testing data show that south-facing outcrop 
samples display statistically significant higher mean failure stresses than north-facing outcrop 
samples.  South-facing outcrop sites also yield longer core sections than north-facing outcrops.  
Since all reported core section breaks are naturally occurring, core section length can be used as 
a proxy for subsurface fracture spacing, indicating that there is a link between subsurface 
fracture spacing and strength. In addition, core recovery percentages and RQD values show 
higher recovery rates in all south-facing boreholes, both soil-mantled and in outcrop, when 
compared to all north-facing boreholes, again indicating more competent rock. 
 These spatial strength variations point to the important role of vadose zone hydrology in 
strength reduction.  In current snow melt conditions, water is more effectively delivered to 
bedrock on north-facing slopes.  The presence of a soil mantle likely holds water against rock 
surfaces and aids in mineral alteration, resulting in weaker rocks than bare outcrops.  Other 
environmental variables and processes are likely important as well, such as tree growth and frost 
processes, which yield similar spatial weathering patterns (Anderson et al., in review).  In 
chapter 4, I will explore changes in the mineralogy and geochemistry in Gordon Gulch. 
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Chapter 4. CHARACTERIZING GEOCHEMICAL AND 
MINERALOGICAL CHANGE 
4.1 Introduction 
 Chemical weathering of rocks alters their physical and mineralogical properties in 
multiple and often invisible ways (Moon and Jayawardane, 2004; Dearman, 1995; Price, 1995).  
Measured rock strength in cores from Gordon Gulch show spatial patterns of strength reduction 
that highlight environmental controls on weathering processes (Chapter 3).  Rock strength is 
lower in rock underlying a mobile regolith mantle than in bedrock outcrops (Figure 3.5 and 
Table 3.5).  Rock strength is also lower in sites with north-facing aspects than in sites with south-
facing aspects (Table 3.6).  I now introduce data on the chemistry and mineralogy of these cores 
to assess the extent to which chemical weathering is responsible for these observed variations in 
rock strength. 
 The weathered mantle ranges between 3-10 m in thickness over relatively fresh bedrock 
in the unglaciated regions of the Boulder Creek CZO (Dethier and Lazarus, 2006) and adjacent 
drainages.  All of the samples collected in this study fall within this weathered mantle.  In nearby 
catchments, chronosequence studies of soils on glacial moraines and alluvial deposits provide 
relative measures of clast weathering and disaggregation timescales, and of clay and Fe-oxide 
accumulation (Birkeland et al., 1987, 2003).  These studies indicate that clay accumulation 
occurs slowly and constitutes a relatively small percentage of the weathered mantle in alluvium 
and till.  
Some recent work has focused on examining variations in mineralogy, chemistry, and 
geotechnical properties of rock in the near surface due to changes as rock weathers (e.g., 
Begonha and Braga, 2002).  Engineers commonly use geotechnical measures of rock weathering 
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because it is faster and simpler to measure rock strength or some other mechanical test than it is 
to measure rock chemistry (Gupta and Rao, 2001).  Moon and Jayawardane (2004) found 
significant rock strength reduction associated with minor losses of cations, and no detectable 
changes in mineralogy in weathered basalt profiles in New Zealand.  Their work shows that 
strength changes can be much greater than would be predicted on the basis of chemical change.  
Many geochemical indices are based on normalizing a chemical constituent in weathered 
rock to that in fresh rock (Price and Velbel, 2003).  Performance of simple, generalized 
geochemical indices is poor in highly heterogeneous environments such as the metamorphic 
rocks found in Gordon Gulch (Duzgoren-Aydin et al., 2002; Price and Velbel, 2003).  To 
overcome this limitation, Ohta and Arai (2007) used principal component analysis (PCA), a 
multivariate statistical approach, to better represent geochemical changes in a weathering profile.  
I use PCA and linear regression analyses to relate geotechnical properties of weathered rocks to 
geochemical parameters provided by XRD and XRF analyses.     
 
4.2 Methods 
4.2.1 Quantitative X-Ray Diffraction (XRD) 
Following geotechnical testing, samples were prepared for geochemical analysis at the 
United States Geological Survey laboratory in Boulder, Colorado.  The same set of samples used 
in geotechnical testing are then powdered and used in both quantitative mineralogical and bulk 
geochemical analyses.   
For XRD preparation, one half of the testing sample is placed in a ring mill or “shatterbox” 
for 90 seconds.  This completely disaggregates the samples and produces a fine powder.  After 
milling, 1 g of sample powder is mixed with 0.25 g of corundum standard.  This mixture is 
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placed in a plastic micronizing mill jar filled with acrylic beads and shaken for 30 seconds.  After 
the initial shake, 4 mL of ethanol is added to the mixture and the sample is shaken for an 
additional 5 minutes.  The resulting slurry is then poured into a weighing boat and dried at 70° C 
for 30 minutes.  The jars of dried sample are then scraped, and shaken for 1 minute.  600 μL of 
Vertrel, a cleansing agent, is added to the powder, and the slurry is shaken in a McCrone mill for 
10 minutes.  The slurry is allowed to air dry, and the resulting powder is sieved through a 250-
micron mesh.  This powder is loaded onto metal X-ray slides for analysis on a Siemens D5000 
X-Ray Diffractometer.  Mineral abundance percentages are determined with the program 
RockJock (Eberl, 2003), which produces quantitative estimates of mineralogy based on random 
orientation powder X-ray diffraction data (XRD).   
RockJock compares measured X-ray intensities from the sample against those in an 
internal corundum standard. The Solver option in Microsoft Excel (Microsoft, Redmond, WA) 
compares integrated X-ray intensities of pure mineral phases with those measured in the sample. 
The Solver option minimizes the degree of fit parameter between measured and calculated X-ray 
patterns by multiplying the intensities of the reference patterns by a separate factor. The 
RockJock technique has been checked for accuracy using artificial mixtures of known 
composition, and results generally are within 1 to 2% of actual values (Eberl, 2003).  All mineral 
assemblages have been normalized to 100% and corrected for loss on ignition (LOI).   
4.2.2 X-Ray Fluorescence 
After geotechnical testing and XRD preparation, raw powders from all 66 core sections 
were fused into glass beads for analysis.  A 1.5 gram aliquot of each sample was placed in a 
ceramic crucible and fired at 550° C for 1 hour to fully dry the sample, then weighed.  After the 
initial burn the samples were fired at 925° C for 25 minutes to burn off hydroxyl water and 
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weighed again.  Loss on ignition (LOI) was determined as the total percentage weight loss during 
both the 550°C and 925°C burn.   
Fused glass beads for XRF were prepared as follows:  0.8 grams of the fired sample is 
added to 8 grams of anhydrous lithium tetraborate flux. The 1:10 sample to fluxate ratio is based 
on established USGS guidelines (Taggart el al., 1987; E10).  The 1:10 mixture is then placed in a 
platinum crucible and heated to roughly 1050° C then shaken to homogenize the mixture in a 
XRF Scientific Phoenix-SF fusion bead machine.  After the melt cycle, the sample is poured into 
a platinum mold and cooled into a disc-shaped glass fusion bead. 
The 66 fusion beads were loaded into the XRF spectrometer and analyzed for 10 major and 
20 minor elements. The spectral detector used a count protocol of 5 seconds for the major 
elements and 20 seconds for the trace elements. A calibration or “reference” standard is run first 
to correct for long-term instrument drift (Bertin, 1970).  A spectral detector count time of 20 
seconds for the major elements and 80 seconds for the trace elements in the reference standard is 
used. 
Quantitative results are calculated from the sample XRF spectral data and a calibration 
derived from corundum reference standards of known concentrations. A calibration curve was 
measured for each reference standard, and plotted with analyte intensity along the y-axis and 
concentration along the x-axis.  Background scatter is corrected such that all curves pass through 
the origin. 
C, the concentration of the element of interest, is given by (Bertin 1970; 388): 
  
       
 
 
Where Ip is the intensity at the peak, Ib is the intensity of background (in counts per second) and 
m is the slope in units of concentration (μg/cm2)). 
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Values of analyte intensity distributions and errors introduced by instrumental geometry 
are divided out by referencing all intensities to those of pure element standards. This allows the 
concentrations to be calculated as simple ratios of the measured intensities to the matrix 
corrected intensities from a pure standard. 
 
4.3 Results 
4.3.1 Mineralogy  
The results of the XRD analyses are presented in Table 4.1.  The clay minerals kaolinite, 
smectite, illite, and chlorite have been summed together as “secondary clays”.  The alkali 
feldspar minerals microcline and orthoclase, and the plagioclase feldspar minerals albite, 
oligoclase, andesine, labrodorite, and bytwonite have been summed and plotted categorically as 
well (Figures 4.1-4.8).  Secondary clay contents range from 0 to nearly 6 wt% in outcrop cores, 
and 0.3 to 8 wt. % in soil-mantled cores.    
4.3.2 Mineralogy and Failure Stress Profiles 
4.3.2.1 South-facing Sites 
SF-Lower Site: 
The south-facing lower site is composed of granite and monzogranite.  All of the rocks in 
the soil-mantled site are sufficiently decomposed to be classified as heavily weathered, or 
“saprolite”.  The lower outcrop site is located at a prominent granitic outcrop just above Gordon 
Gulch.  A large ponderosa pine was established within a crack system adjacent to the borehole.   
Quartz remains fairly uniform throughout the soil-mantled profile (SF-LP, Figure 4.1), with 
a slight enrichment trend above 150 cm depth, and a slight decrease in quartz content below 150 
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cm.  Plagioclase and feldspar vary widely throughout the profile.  An accumulation of secondary 
clays below 150 cm correlates with a drop in the tensile failure stress as well as a reduction in 
potassium feldspar content.  At depths below about 165 cm, the relative proportions of all major 
mineral phases as well as failure tensile stress appears to stabilize.  Secondary clays are a small 
percentage of the SF-LP mineral assemblage and do not exceed 8.34% by weight. 
The SF-LT (Figure 4.1) outcrop is heavily fractured, with pink, orange, and dark staining 
visible in all open fractures.  Drilling rates were highly variable, with all section breaks occurring 
at natural fractures or biotite lenses, which create a fine, dark, silty drilling fluid.  These biotite 
lenses are visible on the outcrop surface and are typically lenticular.  No testing samples 
incorporate these biotite lenses.  Though quartz content remains fairly uniform with depth, there 
is a slight negative trend with depth up to 50 cm, and then enrichment in quartz between 50 and 
about 115 cm.  Potassium feldspar and plagioclase vary erratically with depth.  Secondary clay 
weight percentages do not show any visual trends with the tensile failure stress.   
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Sample 
name Lithology Quartz 
Alkali 
Feldspar 
Plagioclase 
Feldspar 
Total 
Non-Clay Biotite 
Secondary 
Clays 
Total Clay and 
Mica 
SF-LT GT-1 GR 28.30 53.10 7.55 88.95 5.49 3.47 8.96 
SF-LT GT-2 GR 31.36 45.20 20.27 96.83 1.35 1.08 2.44 
SF-LT GT-3 GR 31.36 42.19 21.51 95.05 2.47 0.89 4.29 
SF-LT GT-4 monzogranite 33.28 34.01 28.34 95.63 4.30 0.06 4.37 
SF-LT GT-5 GR 28.35 48.85 22.17 99.37 0.25 0.26 0.51 
SF-LT GT-6 GR 27.13 46.21 18.64 91.98 4.81 1.68 6.50 
SF-LT GT-7 monzogranite 25.76 33.33 29.68 88.77 8.30 2.31 10.61 
SF-LT GT-8 monzogranite 27.49 22.99 38.84 89.32 7.40 2.03 9.45 
SF-LT GT-9 GR 30.02 52.38 12.39 94.79 3.01 0.86 3.87 
SF-LT GT-10 monzogranite 34.51 37.31 24.80 96.62 2.77 0.55 3.32 
          SF-MT GT-1 GR 28.67 36.78 24.36 89.81 6.57 1.25 7.82 
SF-MT GT-3 Tonalite 28.89 1.42 51.48 81.80 17.45 0.00 17.45 
SF-MT GT-4 GD 27.13 14.73 42.98 84.84 12.31 1.40 13.70 
SF-MT GT-5 GD 28.23 7.85 47.44 83.51 14.93 0.00 15.67 
SF-MT GT-6 GD 27.25 10.54 45.35 83.14 15.62 0.00 15.97 
SF-MT GT-8 GD 26.56 12.17 45.25 83.98 14.87 0.00 15.20 
SF-MT GT-9 GD 26.37 12.78 42.35 81.49 14.80 1.65 16.95 
Table 4.1:  Results of quantitative X-ray diffraction (XRD) analyses for all samples. 
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          SF-UT GT-1 Tonalite 23.83 1.12 73.97 98.92 0.00 0.91 0.91 
SF-UT GT-2 Tonalite 30.66 0.78 66.72 98.16 0.05 0.94 0.99 
SF-UT GT-3 Tonalite 32.49 1.48 65.16 99.12 0.00 0.00 0.00 
SF-UT GT-4 Tonalite 26.02 0.00 64.25 90.26 6.73 1.81 8.63 
SF-UT GT-5 Tonalite 35.18 0.00 58.22 93.40 2.77 2.68 5.46 
SF-UT GT-6 GR 18.99 52.34 18.88 90.20 3.24 3.08 7.57 
SF-UT GT-7 GD 17.05 13.11 54.14 84.31 9.09 2.58 14.18 
SF-UT GT-8 Tonalite 32.94 0.00 59.47 92.41 6.45 0.60 7.05 
SF-UT GT-9 monzogranite 29.42 25.39 37.14 91.95 4.88 0.84 7.07 
SF-UT GT-10 monzogranite 27.09 27.64 37.46 92.19 4.69 1.73 6.62 
          NF-LT GT-1 Syenite 16.71 63.78 5.16 85.65 8.08 2.55 13.32 
NF-LT GT-2 Alk Granite 32.43 53.35 1.74 87.52 7.69 2.75 11.95 
NF-LT GT-3 Syenite 9.77 78.63 2.05 90.45 4.27 3.16 8.91 
NF-LT GT-4 GD 42.09 8.75 45.25 96.09 2.60 1.00 3.60 
NF-LT GT-5 GR 51.16 30.82 16.37 98.36 0.77 0.88 1.64 
NF-LT GT-6 GD 40.31 9.53 39.51 89.34 6.90 3.18 10.08 
NF-LT GT-7 alk granite 32.36 58.86 3.76 94.97 2.57 0.86 4.15 
NF-LT GT-8 GR 32.13 48.39 10.22 90.74 4.28 3.85 8.14 
NF-LT GT-9 alk granite 28.09 57.11 6.77 91.98 3.08 1.79 7.74 
NF-LT GT-10 alk granite 34.77 54.70 5.27 94.74 2.65 1.58 4.84 
          NF-UT GT-1 GR 32.35 44.15 16.41 92.90 4.47 1.22 6.45 
NF-UT GT-2 monzogranite 40.86 28.93 19.66 89.45 7.60 1.65 10.45 
NF-UT GT-3 qtz-rich granite 48.55 7.85 16.18 72.59 5.99 3.65 11.76 
NF-UT GT-4 GR 33.51 33.10 20.30 86.91 5.74 5.12 10.86 
NF-UT GT-5 GD 36.40 14.52 34.69 85.61 10.18 1.98 12.16 
NF-UT GT-6 tonalite 32.39 3.14 38.75 74.28 15.00 4.11 19.14 
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          SF-LP  PT-1 saprolite 36.97 48.18 7.03 92.19 0.00 4.98 6.93 
SF-LP PT-2 saprolite 36.11 26.44 21.60 84.15 4.87 8.04 13.53 
SF-LP PT-3 saprolite 29.35 37.60 26.72 93.67 0.15 5.13 5.27 
SF-LP  PT-4 saprolite 32.82 60.31 4.97 98.10 0.00 1.20 1.21 
SF-LP  PT-5 saprolite 34.73 49.39 8.00 92.12 0.07 6.06 6.14 
SF-LP  PT-6 saprolite 35.76 43.50 10.81 90.07 1.51 6.26 8.03 
SF-LP  PT-7 saprolite 41.47 4.93 45.74 92.14 3.86 1.93 5.79 
SF-LP  PT-8 saprolite 34.18 45.44 17.74 97.35 0.00 1.85 1.85 
SF-LP  PT-9 saprolite 28.40 45.44 22.04 95.88 0.32 2.47 2.79 
          SF-MP PT-1 saprolite 74.56 1.44 11.31 87.31 8.53 1.17 10.51 
SF-MP PT-2 saprolite 55.25 17.03 7.96 80.24 9.01 2.71 13.32 
          SF-UP BT-1 saprolite 32.20 27.21 35.60 95.01 3.65 0.48 4.25 
SF-UP BT-3 saprolite 30.67 26.18 37.05 93.90 5.22 0.28 5.49 
          SF-UP PT-1 saprolite 43.03 30.87 15.83 89.73 5.33 0.39 6.37 
SF-UP PT-2 saprolite 17.52 0.50 0.56 18.57 16.04 2.20 35.26 
SF-UP PT-3 saprolite 23.23 1.30 1.39 25.92 17.33 5.66 36.15 
          NF-LP GT-1 saprolite 46.99 31.29 15.56 93.84 10.10 1.14 5.64 
NF-LP GT-2 saprolite 43.57 15.54 10.53 69.65 4.43 4.44 16.77 
NF-LP GT-3 saprolite 34.16 45.41 8.75 88.32 0.42 4.75 8.31 
NF-LP GT-4 saprolite 48.87 7.92 17.59 74.38 7.02 4.90 12.07 
NF-LP GT-5 saprolite 18.09 0.39 0.56 19.04 16.89 2.63 34.83 
          NF-UP PT-1 saprolite 36.73 50.78 8.05 95.56 0.00 2.15 3.08 
NF-UP PT-2 saprolite 52.05 40.38 6.86 99.29 0.00 0.42 0.44 
NF-UP PT-3 saprolite 35.03 37.48 23.85 96.35 1.26 1.64 2.90 
NF-UP PT-4 saprolite 42.99 31.56 15.54 90.09 5.61 1.00 6.61 
 
  
74 
Figure 4.1. SF-Lower Site mineral phase profile 
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There are no statistically significant relationships between the tensile failure stress and any 
mineral phase.  The percentage of secondary clay minerals does not exceed 3.47% by weight in 
the outcrop weathering profile. 
SF Mid Site 
The south -facing mid elevation site is located on a prominent granitic outcrop about two-
thirds of the way up the south-facing slope.  The soil-mantled site is located downslope 
approximately 15 meters from the outcrop adjacent to a stand of ponderosa pines.  The outcrop is 
dominantly granodiorite,  with one sample of tonalite and one granitic sample.  The “tonalite” 
sample (Figure 2.4) is most likely derived from a vein of calcic plagioclase.  There is abundant 
hydrothermal quartz present as float on the slope between SF-LT and SF-MT, indicating that 
there has been hydrothermal alteration in the area, although locations of hydrothermally altered 
rock have not been identified on the south-facing slope. 
Drilling recovery and rates at SF-MP were exceptionally low.  All samples taken from SF-
MP are clearly from lenses of resistant rock in the subsurface, and the very low secondary clay 
weight percentages recorded in the XRD data should not be taken as representative of the soil-
mantled weathering profile (Figure 4.2).  During drilling, 10-15 cm thick clay plugs, and dark, 
biotite-rich drilling fluid commonly accompanied sections of large drilling losses.  Only two 
viable testing samples were collected, both at depths below 1.5 m.  This indicates a deeply 
weathered profile at the SF-MP site charcterized by very weak, clay-rich material cross-cut by 
resistant veins containing only 4.3% secondary clays by weight.   
The SF-MT (Figure 4.2) borehole is drilled into a foliated member of the Boulder Creek 
granodiorite.  The SF-MT site is characterized by higher modal percentages of biotite than any 
other outcrop site.  The average proportion of biotite in the SF-MT site is 13.8%, whereas the 
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mean for all other outcrop sites is only 4.7%.  Again, very low percentages of secondary clays 
are recorded in all SF-MT samples, with maximum clay content of 2.4% by weight.  Quartz 
content remains relatively uniform throughout the weathering profile, and K-spar and plagioclase 
contents stabilize below 50 cm depth.  There are no statistically significant correlations between 
any mineral phase and the failure tensile strength.  
SF-Upper Site 
The south-facing upper site is composed dominantly of tonalite (Figure 2.4), a potassium 
deficient igneous granitoid.  These rocks are found throughout the Boulder Creek Batholith 
(Gable, 1980), and are commonly found at the edge of the batholith.  The outcrop is visually very 
light in color, and many “fresh” slightly weathered samples were recovered from the outcrop 
borehole.  Although many samples appear slightly weathered, the failure tensile stress required is 
similar to that those that are visually “more weathered” profiles.  
SF-UP (Figure 4.3) yielded very few testable samples, all at depths in excess of 1 meter 
below the surface.  This suggests a deep weathering profile with small lenses of resistant 
lithology.  The lower two samples in SF-UP contain large amounts of phlogopite, the magnesium 
compositional end-member of biotite.  Phlogopite is common in contact metamorphic zones 
around plutonic igneous bodies.  
SF-UT (Figure 4.3) mineralogy is relatively uniform in the top 50 cm of the profile, with 
all of the samples classifying as tonalites.  Below 50 cm, two samples were tested that fall within 
the granite/granodiorite IUGS classification.  The amount of secondary clays within the granitic 
zone, but clay percentages remain very low.  Secondary clays range between 0 and 5.1 wt. % for 
the entire outcrop.  Quartz behaves more erratically in SF-UT  
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Figure 4.2. SF-Mid Site mineral phase profile 
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Figure 4.3. SF-Mid Site mineral phase profile 
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than in any other outcrop.  There are no statistically significant trends between any mineral phase 
and the tensile failure stress.  The SF-UT mean failure stress is 1.09 MPa lower than the mean 
failure force for all of the other south-facing samples.    
4.3.2.2 North-Facing Sites 
NF-Lower Site 
The north-facing lower site is located directly across Gordon Gulch from SF-Lower at 
nearly equivalent elevations.  Drilling recovery on the entire north-facing slope is very low, with 
no soil-mantled samples recovered at depths less than 50 cm in depth.    
The NF-LP site (Figure 4.4) is located directly adjacent to a spatially extensive series of 
small outcrops.  The regolith-saprolite interface is steeply dipping and characterized by steep, 
nearly vertical fractures.  The pit samples appear gneissic, but are highly weathered and their 
composition is not apparent in hand sample.  Quartz concentrations are variable, and highly 
depleted at the bottom of the weathering profile.  Potassium feldspar is also highly depleted.  The 
large enrichment in clay content at the bottom of the profile is due to an anomalously high 
amount of phlogopite in the bottom sample. 
The NF-LT (Figure 4.4) site is characterized mineralogically by a deficiency in plagioclase 
feldspar, nearly all of the feldspar present is potassic, and very little plagioclase is present.  It 
follows that the majority of the samples are classified as alkali granites or syenites.  There are 
two more intermediate granitic samples, granite and a granodiorite.  Quartz is relatively uniform 
in proportion throughout the profile, though the top two samples contain relatively low 
percentages of quartz.  This is most likely due to a potassium feldspar rich vein, since the 
samples are highly deficient in plagioclase as well.  Secondary clay is scarce in the profile, with 
percentages by weight ranging from 0.9% to 3.9%.    
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NF Upper Site 
The north-facing upper site is located on a broad, low-relief bench in lower Gordon Gulch.  
Few outcrops characterize this bench, but those present are topographically prominent and 
mostly gneissic in composition.  NF-UT is somewhat anomalous for this setting, in that it is 
granitic in composition.  The north-facing upper site is anomalous in that the difference in failure 
tensile stress between outcrop and soil-mantled sites is also very low.  The low relief of the 
bench may play a role in these anomalies.  
Recovery rates in the NF-UP site (Figure 4.5) were very low, with large losses between the 
GT-1 and GT-2 samples.  Core sections are often stained orange, and contain numerous quartz 
stringers.  This indicates intense oxidation and possible hydrothermal alteration.  Similar to most 
soil-mantled sites, I believe the recovered samples to be indicative of resistant stringers in the 
subsurface, and not representative of the bulk of the weathered material.  Secondary clay 
contents in the tested samples are low, and range between 0.4% and 2.2% by weight. 
NF-UT (Figure 4.5) is the most visibly weathered of all the sampled outcrops.  This is 
reflected in the testing samples, with no usable core recovered until 39 cm below the outcrop 
surface.  It also has the lowest mean failure tensile stress (1.35 MPa) of all outcrop samples.  In 
hand sample, the rocks are light in color and grain boundaries are slightly open and oxidized at 
the surface of the outcrop.  Quartz is enriched at the top of the profile compared to samples at 
depth, and plagioclase is depleted at the surface compared to samples at the bottom of the 
sampled profile.  Secondary clays range from 1.2% to 5.2%.   
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Figure 4.4. NF-Lower Site mineral phase profile 
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Figure 4.5. NF-Upper Site mineral phase profile 
  
83 
Interestingly, the NF-UT outcrop samples contain on average more clay than the soil-mantled 
(NF-UP) samples.  
 
4.4  Whole rock chemistry 
The results of the XRF analyses are presented in Table 4.2.  Data are presented by core 
type, and arranged by hillslope aspect.  I have elected to tabulate eight major oxides (SiO2, TiO2, 
Al2O3, Fe2O3, MgO, CaO, Na2O and K2O) as well as loss on ignition (LOI) data.  Many 
weathering indices use molecular proportions of oxides to calculate index values; I have elected 
to use weight percentages because the statistical analyses that I use are scale-invariant after 
transformation (Aitichison, 1992).  All values have been corrected for LOI and normalized to 
100%.   
A simple correlation matrix between failure stress and geochemical data shows that there 
are no significant correlations between failure stress and any individual major oxide (Table 4.3).  
This suggests that multivariate statistics might be a more useful exploratory tool for geochemical 
data, or nothing may work. 
4.4.1 Principal Component Analysis 
For PCA, the geochemical compositional data were mapped onto a Euclidean real sample 
space using a centered log-ratio transformation (Aitchison, 1986; Ohta and Arai, 2007).  The 
centered log-ratio transformation (clr), is calculated using this standard form, where xi is the wt. 
% for the oxide of interest, e.g. SiO2: 
           
  
    
  
and where: 
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      √       
 
 
 
is the n
th
 root of the product of the wt. % of all n oxides analyzed in the bulk sample.  After 
transformation, a standard PCA is applied to the dataset.  PCA combines multiple variables into 
several independent latent variables that underlie the multivariate data.  I used a rotated, centered 
PCA analysis in the statistical analysis package R.  I set a cutoff for significant variance at 10% 
of total variance.  
I applied PCA to the entire dataset (PCA 1), and to outcrop (PCA 2) and soil-mantled 
(PCA 3) subsets of the data (Table 4.4).  In PCA 1 on all samples, the first principal component 
(PC1) shows heavy negative loading on CaO, and moderate negative loading on Na2O.  PC1 for 
all samples also shows moderate positive loading on Fe2O3, MgO, and TiO2.  PC1 accounts for 
55.19% of the total variance.  PC2 for all samples shows heavy positive loading on K2O, 
moderate positive loading on SiO2, and moderate negative loadings on Fe2O3, MgO, and CaO.  
PC2 explains an additional 34.36% of the total variance  
PCA on the outcrop samples (PCA 2) also yields two significant components, PC1 and 
PC2.  PC1 shows heavy positive loading on CaO and moderate negative loading on K2O and 
explains 65.92% of the variance.  PC2 shows moderate positive loading on Fe2O3, MgO, and 
TiO2 and moderate negative loading on SiO2, Na2O, and Al2O3.  PC2 explains an additional 
28.12% of the total variance. 
PCA on the soil-mantled samples (PCA 3) yields two significant components and a third 
component that loads just less than the 10% cutoff.  PC1 shows moderate positive loading on  
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Table 4.2:  X-ray fluorescence (XRF) analyses for all samples, grouped by borehole site.  
All values in 
wt. % 
SiO2 
 
Al2O3 
 
Fe2O3 MgO CaO K2O Na2O TiO2 MnO P2O5 925° C 
(LOI) 
Total 
 
SF-LT GT-1 74.71 14.47 2.15 0.63 0.23 8.06 1.98 0.30 0.03 0.07 0.57 103.19 
SF-LT GT-2 70.51 14.12 0.86 0.35 0.76 6.33 2.88 0.15 0.01 0.06 0.37 96.38 
SF-LT GT-3 76.21 14.97 0.90 0.37 0.91 6.49 2.93 0.14 0.01 0.05 0.37 103.34 
SF-LT GT-4 78.44 14.12 1.47 0.55 1.34 5.09 3.44 0.24 -0.01 0.06 0.33 105.06 
SF-LT GT-5 77.13 14.93 0.76 0.28 0.84 6.79 2.99 0.12 0.01 0.06 0.65 104.56 
SF-LT GT-6 68.84 15.09 1.53 0.59 0.75 6.80 2.92 0.23 0.00 0.05 0.45 97.24 
SF-LT GT-7 65.08 16.14 2.69 0.91 1.39 5.76 3.45 0.41 0.01 0.05 0.47 96.37 
SF-LT GT-8 72.45 16.10 2.85 0.78 1.88 4.52 3.64 0.39 0.00 0.07 0.52 103.18 
SF-LT GT-9 71.49 14.48 1.20 0.49 0.46 7.58 2.42 0.19 0.00 0.05 0.38 98.72 
SF-LT GT-10 79.62 13.88 1.20 0.49 1.11 5.60 2.79 0.18 0.01 0.06 0.38 105.30 
             
SF-MT GT-1 67.44 14.65 2.07 0.80 1.48 6.14 2.55 0.19 0.05 0.12 0.38 95.87 
SF-MT GT-2 65.65 16.14 3.83 1.78 2.97 3.21 3.64 0.48 0.05 0.18 0.43 98.36 
SF-MT GT-3 63.39 16.81 4.34 1.90 3.24 3.08 3.70 0.53 0.07 0.19 0.54 97.78 
SF-MT GT-4 69.80 15.91 3.96 1.54 2.58 4.26 3.22 0.42 0.05 0.18 0.54 102.46 
SF-MT GT-5 62.41 16.16 3.83 1.81 2.93 3.88 3.61 0.48 0.05 0.17 0.40 95.73 
SF-MT GT-6 61.81 16.04 3.82 1.79 2.91 3.95 3.37 0.47 0.05 0.16 0.53 94.91 
SF-MT GT-7 62.55 16.18 3.83 1.79 3.04 3.78 3.46 0.47 0.05 0.18 0.55 95.87 
SF-MT GT-8 63.72 16.49 3.68 1.73 2.92 4.13 3.55 0.46 0.05 0.17 0.41 97.31 
SF-MT GT-9 64.74 15.99 3.49 1.53 2.83 3.98 3.24 0.41 0.05 0.15 0.45 96.85 
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SF-UT GT-1 71.25 18.56 0.31 0.27 4.13 1.41 5.79 0.03 0.01 0.06 0.38 102.20 
SF-UT GT-2 75.09 16.58 0.52 0.29 3.73 1.13 4.91 0.05 0.00 0.06 0.26 102.60 
SF-UT GT-3 76.94 16.05 0.99 0.28 3.66 1.26 4.67 0.06 0.01 0.04 0.28 104.24 
SF-UT GT-4 69.57 17.24 1.80 0.81 3.81 1.09 5.00 0.27 0.02 0.05 0.43 100.08 
SF-UT GT-5 75.50 15.18 1.07 0.59 3.40 1.00 4.41 0.17 -0.01 0.07 1.06 102.44 
SF-UT GT-6 70.05 16.69 1.43 0.71 1.12 8.32 2.56 0.21 0.00 0.04 0.59 101.72 
SF-UT GT-7 63.98 18.58 2.74 1.25 2.85 4.10 4.72 0.44 0.02 0.07 0.61 99.36 
SF-UT GT-8 73.96 15.83 1.99 0.96 3.49 1.12 4.31 0.31 0.02 0.03 0.41 102.43 
SF-UT GT-9 71.27 15.49 1.78 0.65 1.91 5.05 3.31 0.22 0.01 0.03 0.32 100.05 
SF-UT GT-10 72.89 15.90 1.88 0.71 1.85 5.22 3.39 0.28 0.01 0.04 0.51 102.68 
             
SF-LP PT-1 69.94 14.70 1.10 0.35 0.23 7.04 1.96 0.17 0.01 0.06 0.96 96.51 
SF-LP PT-2 68.65 15.27 2.08 0.72 0.82 4.64 2.69 0.29 0.03 0.05 1.12 96.35 
SF-LP PT-3 72.19 15.56 1.11 0.39 1.11 5.54 2.95 0.15 0.04 0.07 0.95 100.05 
SF-LP PT-4 72.03 13.41 0.26 0.22 0.13 8.28 1.82 0.10 0.02 0.04 0.33 96.64 
SF-LP PT-5 72.68 14.12 1.18 0.44 0.36 6.82 2.01 0.24 0.01 0.05 1.03 98.93 
SF-LP PT-6 71.82 14.09 1.74 0.56 0.47 6.16 1.96 0.44 0.02 0.05 1.04 98.36 
SF-LP PT-7 74.76 13.79 2.27 0.53 2.26 1.63 3.56 0.26 0.04 0.05 0.65 99.78 
SF-LP PT-8 74.05 14.17 0.73 0.26 0.87 6.31 2.91 0.10 0.02 0.05 0.51 99.96 
SF-LP PT-9 71.82 14.97 0.70 0.30 0.99 6.31 3.01 0.10 0.02 0.04 0.61 98.87 
             
SF-UP BT-1 73.39 15.63 1.86 0.70 1.79 5.37 3.18 0.24 -0.01 0.05 0.44 102.63 
SF-UP BT-2 67.21 15.58 1.92 0.84 1.86 5.02 3.57 0.22 0.02 0.04 0.38 96.66 
SF-UP BT-3 68.08 15.57 1.96 0.84 1.84 5.00 3.29 0.24 0.01 0.04 0.39 97.26 
SF-UP PT-1 71.75 14.85 6.29 1.97 0.16 2.13 0.67 0.73 0.06 0.04 2.05 100.70 
SF-UP PT-2 42.91 27.85 14.74 4.12 0.12 3.74 0.36 1.88 0.09 0.02 2.27 98.09 
SF-UP PT-3 40.72 23.53 16.78 3.35 0.14 3.35 0.34 1.15 0.07 0.07 3.18 92.67 
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NF-LT GT-1 67.64 16.58 2.61 0.79 0.23 10.40 1.84 0.57 0.00 0.03 0.70 101.38 
NF-LT GT-2 73.29 14.11 2.50 0.79 0.12 8.93 1.16 0.41 0.02 0.04 0.59 101.94 
NF-LT GT-3 63.83 17.49 1.35 0.54 0.14 11.52 1.92 0.28 0.02 0.04 0.59 97.71 
NF-LT GT-4 77.42 13.84 1.02 0.45 2.51 2.40 3.31 0.19 0.01 0.03 0.45 101.61 
NF-LT GT-5 80.61 10.69 0.76 0.34 0.86 4.46 1.82 0.12 0.01 0.03 0.37 100.07 
NF-LT GT-6 73.00 13.78 2.15 0.75 2.18 2.69 3.26 0.39 0.02 0.03 0.70 98.97 
NF-LT GT-7 72.39 13.76 1.05 0.40 0.11 8.79 1.64 0.15 0.02 0.03 0.41 98.76 
NF-LT GT-8 68.99 14.23 1.88 0.65 0.43 7.55 2.02 0.30 0.02 0.03 0.63 96.71 
NF-LT GT-9 66.45 14.76 1.13 0.44 0.22 8.98 2.04 0.23 0.01 0.02 0.52 94.81 
NF-LT GT-
10 
69.47 13.39 1.27 0.46 0.18 8.22 2.36 0.23 0.01 0.03 0.41 96.02 
             
NF-UT GT-1 69.65 14.87 1.54 0.56 0.81 6.89 2.57 0.21 0.01 0.05 0.46 97.62 
NF-UT GT-2 69.96 13.28 2.29 0.86 0.89 5.23 2.78 0.35 0.01 0.04 0.51 96.19 
NF-UT GT-3 64.94 14.52 3.77 1.19 0.74 6.17 2.43 0.55 0.01 0.05 0.69 95.06 
NF-UT GT-4 72.96 14.05 1.86 0.67 0.90 5.46 2.64 0.27 0.02 0.05 0.68 99.56 
NF-UT GT-5 67.32 14.96 3.92 1.00 1.72 3.62 3.36 0.41 0.05 0.08 0.73 97.16 
NF-UT GT-6 64.64 15.58 6.11 1.33 1.93 2.41 3.32 0.46 0.14 0.12 0.83 96.87 
             
NF-LP PT-1 69.45 13.68 2.90 0.82 0.83 5.22 1.81 0.36 0.03 0.04 0.66 95.80 
NF-LP PT-2 68.78 13.90 4.41 1.55 0.57 3.37 1.33 0.42 0.04 0.02 1.34 95.74 
NF-LP PT-4 73.97 14.69 3.15 1.15 0.58 4.68 1.67 0.17 0.05 0.04 2.53 102.66 
NF-LP PT-5 74.76 14.87 4.66 2.34 0.11 2.93 0.63 0.06 0.05 0.03 2.79 103.22 
             
NF-UP PT-1 73.34 14.13 0.29 0.26 0.19 7.57 2.01 0.05 0.00 0.05 0.55 98.43 
NF-UP PT-2 79.08 10.88 0.41 0.27 0.15 5.83 1.62 0.06 0.01 0.05 0.35 98.71 
NF-UP PT-3 75.69 14.21 0.91 0.41 1.05 5.63 2.88 0.14 0.01 0.05 0.52 101.48 
NF-UP PT-4 73.74 13.84 4.00 0.69 0.46 6.71 2.07 0.12 0.11 0.07 0.45 102.25 
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Table 4.3: Correlation matrix between all major oxides and failure stresses for all samples.
Correlation Matrix For All Samples        
          
 Failure.Stress SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O TiO2 
Failure.Stress  ---------------------- -0.002 -0.052 -0.168 -0.057 0.176 0.180 0.181 -0.143 
SiO2 -0.002  -------- -0.798 -0.825 -0.785 0.043 0.034 0.247 -0.827 
Al2O3 -0.052 -0.798  ---------- 0.737 0.710 0.191 -0.233 0.011 0.761 
Fe2O3 -0.168 -0.825 0.737  ---------- 0.922 -0.119 -0.274 -0.421 0.884 
MgO -0.057 -0.785 0.710 0.922  -------- 0.019 -0.353 -0.341 0.858 
CaO 0.176 0.043 0.191 -0.119 0.019  -------- -0.715 0.884 -0.095 
K2O 0.180 0.034 -0.233 -0.274 -0.353 -0.715  -------- -0.466 -0.168 
Na2O 0.181 0.247 0.011 -0.421 -0.341 0.884 -0.466  -------- -0.349 
TiO2 -0.143 -0.827 0.761 0.884 0.858 -0.095 -0.168 -0.349  -------- 
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Table 4.4:  PCA model loadings on major oxides, grouped by sample 
classification.  
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Fe2O3, and lower positive loading on MgO and TiO2 and moderate negative loading on Na2O, 
K2O, and CaO.    PC1 explains 70.76% of the total variance.  PC2 shows heavy positive loading 
on CaO and heavy negative loading on K2O.  All other loads are low to moderate.  PC2 explains 
18.93 percent of the total variance.   
Multiple regressions using oxides that load heavily in all three PCAs on failure strength 
data did not yield statistically significant results.  These regressions are not shown. 
 
4.5 Discussion 
4.5.1  Spatial variations in mineralogy and chemistry 
The weathered mantle ranges between 3-10 m in thickness over relatively fresh bedrock in 
the unglaciated regions of the Boulder Creek CZO (Dethier and Lazarus, 2006) and adjacent 
drainages.  The boreholes in this study fall within this weathered mantle, and probably did not 
penetrate into fresh rock.  It is therefore not surprising that the mineralogy and geochemistry of 
these cores show little alteration without a parent composition to normalize by.  Multivariate 
statistics are one way to explore large datasets where changes might be small in magnitude.   
PCA1, principal component analysis of the chemical composition of all samples, shows 
that the rocks in this study vary mostly in their CaO and K2O content (Table 4.4).  This finding is 
not surprising however, since the dominant Ca- and K-bearing phases are feldspars in granitic 
rocks.   In this study, the sampled rocks are differentiated from each other chiefly by the 
dominant feldspar phase, and span the entire granite phase space, from K-feldspar dominated 
syenites to Ca-plagioclase dominated tonalities (Figure 2.4).  The first principal component in 
PCA1 explains over half of the variance between all samples.  It shows heavy negative loading 
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on CaO, and moderate loads on all other phases, indicating that Ca-content may be more 
important that K-content in explaining chemical variation.   
Principal component analysis of outcrop samples, PCA2, differs little from that of the 
entire dataset (Table 4.4).  It again shows large loading on CaO, but with stronger loading on 
K2O and slight reductions in the magnitude of loading on Fe2O3 and Na2O relative to PCA1.  In 
the soil-mantled site samples analyzed in PCA3, however, the largest loading is on Fe2O3, which 
with CaO, MgO, Na2O, and TiO2, explains most of the variance.  The greater importance of iron 
in variance of the soil-mantled sites could reflect weathering accumulation of oxidized iron, as 
has been documented in local soils (Birkeland et al., 1987, 2003; Dethier et al., 2012).  However, 
the XRF analyses do not indicate the oxidation state of Fe in the samples; more sophisticated 
methods are required to determine if Fe oxidation state plays a large role in the soil-mantled 
geochemical dataset (Dethier et al., 2012).   
Clay accumulation is another hallmark of weathering in local soils (Birkeland et al., 1987, 
2003; Dethier et al., 2012).  Clay contents are uniformly low in the rock cores analyzed, but the 
soil-mantled samples contain slightly higher clay contents.  In outcrop samples the secondary 
clay percentage ranges from 0 to 5.1%.  Whereas in soil-mantled samples, secondary clay 
percentages range from 0.3% to 8.0%.  (Table 4.1). 
The amount of clay differs significantly between the amount of clay on the north-facing 
and south-facing slopes.  The mean proportion of clay on the south-facing outcrops is 1.5 wt % 
whereas that on the north-facing outcrops is 2.5 wt %.  A two-tailed t-test of means, assuming 
unequal variances yields a statistically significant p-value of 0.027 at a 95% confidence interval, 
indicating that this difference is significant.  This finding supports the qualitative observation 
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that north-facing rocks are more weathered and correlates with lower failure tensile stress values 
at north-facing sites.   
Soil-moisture data from north and south-facing pits (Figure 2.1) indicates that 
microclimates on the two hillslopes differ significantly.  The longer, slower, meltwater pulse 
from the north-facing snowpack may facilitate clay-forming hydrolysis reactions.   
4.5.2 Relationship between chemical weathering and rock strength 
Given the modest chemical alterations apparent in the rock samples tested, it is not 
surprising that correlations between rock strength and geochemical parameters were not strong.  
A regression of secondary clay content against rock tensile strength (Figure 4.6) suggests a trend 
toward lower strength with increasing clay accumulation, but the low r
2
 value of 0.15 shows that 
this relationship is not strong.  No relationship between strength and clay content for the soil-
mantled site samples exists (Figure 4.6).  At the lowest clay contents (<3 wt %), soil mantled 
core samples tend to be weaker than outcrop core samples.  While overlap in these data (Figure 
4.6) suggests that some aspect of soil mantled core samples other than clay content is involved in 
producing the low strengths measured.   
Biotite has been fingered as a mineral that alters early in the weathering of rock 
(Isherwood and Street, 1976), and that plays an important role in driving the formation of 
microfractures that promote subsequent weathering processes (Fletcher et al., 2006).  A 
regression of biotite against rock tensile strength reveals no relationship in either outcrop or soil-
mantled site samples (Figure 4.7).  The role of biotite in driving the opening of fractures is 
perhaps underestimated by the sampling methods I used, as I avoided biotite rich layers in my 
sampling.  In addition, the drill appeared to disaggregate heavy biotite concentration sections in 
the rock, reducing core recovery in these areas.   
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The lack of significant regressions using mineral phase abundance suggests that changes in 
the profile due to weathering processes are not significant enough to show changes in bulk 
mineralogy.  Rather, the weathering process may affect change in the mechanical strength of the 
rock at the atomic level.  Interestingly, no combination of variables that load heavily on a 
significant principal component pulled from the PCA analyses produces a significant linear 
multiple regression with the failure stress data.   
 
4.6 Conclusions 
Whole rock geochemical analyses using XRF and XRD on samples collected in lower 
Gordon Gulch show compositional variability in the subsurface, but no clear weathering trends.  
The abundance of secondary clay minerals is low, ranging from 0 to 8.04 wt% for all samples, 
both soil-mantled and in outcrop.  The range of secondary clay values in outcrop is smaller, at 
5.11 wt%, compared to the soil-mantled range of 7.74 wt%.  I fail to see relationships between 
secondary clay content and failure tensile stress.  Interestingly, I also fail to see a significant 
relationship between the amount of biotite in the sample and tensile failure stress, contrary to the 
concept promoted by Isherwood and Street (1976) that biotite hydration is a dominant damage 
mechanism. 
Clay fractions present in outcrops differ on north-facing and south-facing hillslopes.  
North-facing outcrops contain higher amounts of the secondary clay minerals kaolinite, smectite, 
illite, and chlorite than outcrop samples on the south-facing hillslope.  This indicates that while 
clay abundances in the rocks of lower Gordon Gulch are not relatively high, there are systemic 
differences in the weathering patterns correlated  
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Figure 4.6.  Failure tensile force and weight % secondary clays showing no significant 
correlation between mineral abundance and failure stress. 
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Figure 4.7.  Failure tensile force and weight % biotite, showing no significant correlation 
between mineral abundance and failure stress values. 
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to hillslope aspect.  Furthermore, the low percentages of clay minerals support the inference that 
clay formation rates must be very slow if the 20-25 m/Ma erosion rates reported by Dethier and 
Lazarus (2006) are accurate.  By extension, if 10 m of erosion have taken place in the past 400 
ka, and around 4% secondary clays have formed within these weathered rocks, around 1% 
secondary clay forms every 100 ka.  This duration is roughly equivalent to a full glacial cycle. 
PCA conducted on the geochemical dataset shows that the rocks in lower Gordon Gulch 
vary mostly in CaO and Na2O content.  Comparisons between outcrop and soil-mantled PCA 
models show that Fe2O3 and MgO become more significant in explaining chemical variation 
within the soil-mantled dataset.  This suggests that Ca may be depleted in soil-mantled samples, 
which would indicate plagioclase weathering.  This observation, coupled with lower tensile 
failure stress values in the soil-mantled population (Figure 3.5), points to chemical alteration, but 
not complete alteration to clay, of feldspars as a weakening process in the shallow subsurface.  
Unfortunately, multiple regression analyses using raw and transformed oxide data do not yield 
statistically significant results.  This points to physical processes that do not yield measurable 
chemical or mineralogical change as the dominant weathering agents in Gordon Gulch.    
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS 
The Earth’s Critical Zone is a biogeochemical reactor that transforms fresh bedrock into 
soil.  The suites of mechanisms that are responsible for this transformation are poorly 
understood, yet vital for sustaining life.  This characterization study represents a first step 
towards achieving a larger goal of integrating geochemistry, mineralogy, and geotechnical data 
into a coherent model of regolith production within Earth’s Critical Zone.   
My conclusions are limited by my sampling methodology.  The Shaw backpack drill is a 
powerful and versatile tool for shallow subsurface boring. Yet deep weathering profiles prove 
problematic for the drill, especially areas with a high percentage of clay or saprolite lacking 
sufficient internal cohesion.  Large amounts of water necessary to flush the borehole limit 
drilling progress in areas removed from a water source.  In addition, the drill loses significant 
power with each additional barrel segment, further slowing drilling.  The 11.7 ± 3.1 m deep 
weathering profiles in lower Gordon Gulch identified by Befus et al. (2011), were simply too 
deep to bore all the way through with the Shaw drill.  As a result of these complications, no 
unequivocally “fresh” samples were collected, not even from outcrops, which are highly 
fractured.  Thus, the entire weathering profile could not be described at any location. 
Core recovery rates were very low, especially within boreholes drilled into soil-mantled 
saprolite.  During drilling, large amounts of thick, silty, and clay rich drilling mud accompanied 
sections with low recovery.  Large volumes of water are necessary to force this highly viscous 
drilling mud from the borehole.  This fact suggests that in places, weathered rock has been 
sufficiently weakened so that the friction, heat, and water from the drill bit fully slake the rock 
into a slurry that is forced out of the borehole by pressurized water from the drill.  The majority 
of soil-mantled boreholes are composed of this very weak weathered bedrock.  Samples were 
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taken from resistant layers in bedrock that survived intact through the drilling process.  The rock 
I could sample contained small (< 9%) abundances of clay, while the much weaker rock that did 
not survive coring likely contains higher amounts of secondary clays. 
There are systematic spatial variations between the strength of samples from boreholes 
drilled into weathering profiles located along the study transect within lower Gordon Gulch.  
Samples collected from boreholes into weathered bedrock beneath a soil mantle are weaker than 
samples collected from outcrop boreholes (Figure 3.5, Table 3.3).  Because core recovery was 
not 100%, and was particularly low in soil-mantled rock (Table 3.1), the difference in strength 
between outcrops and soil-mantled rock is likely larger than I have reported here.  This suggests 
that soil cover plays a role in weakening rocks.  Assuming that the amount of accumulated 
damage within the weathered bedrock directly relates to transport susceptibility, this finding 
supports a “humped” mobile regolith production function first described by Gilbert (1877) and 
later by Carson and Kirkby (1972).        
There are interesting spatial dynamics to the weathering extent of rocks in lower Gordon 
Gulch.  Hillslope aspect is significantly related to the mean tensile stresses necessary to fracture 
outcrop samples in the laboratory.  Geotechnical testing shows that failure stresses are 
significantly lower on north-facing outcrops than on south-facing outcrops, indicating weaker 
bedrock on the north-facing hillslope.  Further, analyses of core section lengths from outcrop 
boreholes show that core sections are on average 1.1 cm longer on the south-facing hillslope than 
on the N-facing hillslope.  It is important to note that all of the samples in this study fall in the 
low range of published granite strength values.  By extension, I can conclude that these rocks are 
all weathered, but to different extents.         
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In addition to hillslope aspect, hillslope position is significantly related to mean tensile 
failure stresses for outcrop samples.  On both north-facing and south-facing hillslopes, the mean 
failure stress for outcrops is higher for the lower sites (NF-LT and SF-LT) than the upper sites 
(NF-UT and SF-UT).  This finding is interesting, considering that soil moisture, and thus 
chemically active water and reaction rates, should theoretically be higher at lower slope 
positions, due to increased upslope accumulation area.   
The geochemistry of the rocks in lower Gordon Gulch does not display the same 
interesting spatial patterns that the strength data do.  The testable rocks in lower Gordon Gulch 
span the entire granitic phase space on the IUGS plutonic rock compositional ternary diagram.  
The rocks vary in the composition of their feldspars, with variable abundances of K, Ca, and Na 
delineating the rock types.  No single rock type is weaker than any other, and there are no 
statistically significant linear regressions between the abundance of the major oxides or mineral 
phases present in the rock.  However, there is a statistically significant relationship between 
hillslope aspect and secondary clay accumulation. North-facing slope samples have higher mean 
secondary clay percentages than south-facing slope samples.  
Multivariate statistical analyses of geochemical data do little to clarify geochemical 
changes that might explain the variability in strength values for the weathering profiles.  In all 
PCA models, the principal components that explain the majority of the variability in geochemical 
composition do not explain significant variability in the failure tensile stress necessary to break 
the rock.  This may indicate that the geochemical changes necessary to weaken the rocks are too 
subtle and are easily lost in the variability of the dataset.  Another explanation is that there is no 
diagnostic chemical “signature” of weathering; the processes may be physical.  This would point 
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to a suite of mechanical processes such as periglacial frost cracking, tree root growth, and 
volumetric expansion due to exhumation.  
Though geochemical trends are inconclusive, weaker rocks, and a higher percentage of 
secondary clays by weight on the north-facing slope suggest that weathering is more advanced 
than on the south-facing hillslope.  One possible explanation for this trend in mechanical strength 
is the different microclimates on opposing hillslopes.  Boulder Creek CZO data show that north-
facing slopes retain a snowpack throughout the winter.  South-facing slopes show a much 
patchier snowpack.  The majority of precipitation falls as snow in Gordon Gulch, and much of 
the runoff in Gordon Creek is derived from meltwater (Cowie, 2010).  Smaller inputs from 
summer monsoon rains do not produce the same volume of runoff.  Due to this precipitation 
regime, hydrologic inputs to the shallow subsurface, reflected in the volumetric water content of 
soils on the south-facing slope, are more frequent but of smaller magnitude than the larger, 
sustained melt pulse from the north-facing hillslope’s snowpack.  As a result, soil moisture is 
higher on south-facing slopes during the winter months, but at relatively low water contents.  
Sustained high water content on north-facing slopes during spring snowmelt can drive water 
deeper (Hinckley et al., in review). This increases the likelihood that clay-forming hydrolysis 
reactions are taking place at faster rates on north-facing slopes during the warmer summer 
months, and may explain the strength differences between hillslope aspects. 
This study raises a number of interesting questions for future research.  There appear to be 
significant differences in strength between north-facing and south-facing hillslopes in lower 
Gordon Gulch, although the processes responsible for mechanical strength reduction remain 
elusive.  Future directions include more complete characterization of the lithology.  There does 
not appear to be a direct link between geochemical or mineralogical changes and mechanical 
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strength reduction.  This finding is limited by a lack of fresh parent material.  This limitation 
could be overcome by deeper core profiles that penetrate into unweathered horizons of the 
Critical Zone.  In addition, a comprehensive sampling and testing procedure for weathered 
material that cannot be recovered by drilling is critical to a complete geotechnical 
characterization of the weathered profile.  The combination of unweathered parent material and 
highly weathered saprolitic material would “fill-in” the gaps in the weathering profiles sampled 
in this study. 
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